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(1 I STATEMEN 1 OF THE PROBLEM

( A study of chain dynamics in the solid state of the high impact resistent

polvcarbonate of bisphenol-A and s tructural analogues is carried out using nuc lear

magnetic resonance mothods. The oh ,ect is to quantitatively characterize both

the structural geometrv and the Snert ics Of l)cal motions occurring in these

glassy polvmrs. It is the heli, thait onlv throuigh a detailed knowledge of the

solid state dynamics can one estahlish the structural origin of the bulk proper-

4 ties of these materials. It is important that such a study yield a direct

connection to) the dynamical mechanical properties which form the basis for

characterization of high impact materials. One of the first quantitative

demonstrations of this connection is noted in this study.

The selection of NMR to probe structure and dynamics in the solid state is

well established and the present study focuses on both lineshape and relaxation

Lime analysis using both carbon-13 and deuterium as probes. The study clearly

reveals the strengths and weaknesses of the various NMR approaches. It is

demonstrated that an extensive data base is desirable in order to provide

convincing conclusions. It is important that the structural geometry of the

motions be inferred directly and lineshape collapse has this capability. It is

also essential that a range of measurements selectively sensitive to different

dynamical rates he uised. A combination of lineshape collapse and relaxation times

3 -1
(T and T ) offers a motional probe from 10 to 10 sec Further, the use of

is)topic labelling of specific backbone sites on the polymer is shown to greatly

f:cilitate analvsis in cases wher, the dynamics is a combination of more than

one mntian-al proces,. The litilitv of relaxation studies of polymer dynamics in

s)i, ion (,n thi. same a)r similair T(1leCtl, Ar systems can be evaluated.

It w.as also a goal of this studv to relate the specific motions observed by

NMP to mor tr.alitinna l rel, xati n experiments on polymers such as dielectric and

mechanical rspnris,.. An interpretaition incorporating a wide variety of dynamic

4 information was haope toa prr ide, insight into the uilti mate bulk property of impact

resistance.

. -. .- ,.,
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(2) SUMMARY OF MOST IMPORTANT RESULFS

The major thrust of the work has been a detai led characterization of the

local chain dynamics in the polcarbonate of bisphenol-A. This has been

accomplished with the determination of both the structural details of the motion,

the nature of the energetics and the relat ions hip of the motions to the general

dynamic properties which characterize the material.

13
Carbon-13 chemical shift an[sotropy (CSA) lineshape analysis on C enriched

BPA polycarbonates has definitively characterized the geometry of the phenylene

group motion as a combination of n flips and restricted rotation. The n flip rate

is found to lie ,)n a relaxation map containing the T and T minima, dielectric
I ip

loss maxima and dynamic mechanical loss maxima. This broad sampling of dynamics

(over eight decades in rate) yields a very convincing quantitative picture. Certain

conclusions are immediately apparent;

1. Activation energies obtained assuming a single exponential correlation

function and measurements nver a limited rate range are inaccurate and generally low.

2. Activation parameters derived using a relaxation map and a non-exponential

correlation function approach yield more realisitc values for motion in the solid

state.

3. A fractional exponential correlation function quantitatively incorporates

all of the data including die 1 ctric and mechanical relaxation. This implies a I
complex or heterogeneous rate and a common under]lying dvnamic process responsible

for all the relaxation phenomena.

A structuiral model has been propo,,d to account for all the observed relaxa-

tion phenomena and to provide a connection to the observation of high impact

resistance. It consists of a <is/tran. to trinstran. carbonate conformational

intrchange leadin. to a , nrrfIiteIt )ackKhn, !,,tion which is coupled to the local

phenylene n flip. This motion i, diffusqional in haracter thus providing a

mechanism for the rapid release , f stres ,vr mTcro c pic distances. The

fractional exponent (a = .18) used in the correlation function quantifies the

AA
L -- --.- --------------------------------------------------------------.--



3.

complex character of the rate process and indicates motional timescales extending

over five decades. This type of behavior is undoubtedly common for solid state

kinetics in micromolecular svstems. It can be interpreted as arising from a distri-

bution of rates throughout the material (the inhomogeneous case) or from an inherent

nono.xponential character in a singl rate process, possibly arising from the

cooperative nature of the dynamics kthe homogeneous case).

A model has also been devised (The Simultaneous Model) for the treatment of

multi-site exchange processes involving the collapse of solid NMR lineshapes. The A

method is applicable to both CSA and Quadrupolar lineshape collapse, and is easily

computerized for cases involving more than one kinetic process simultaneously

contributing to line narrowing. The model introduces a distributional character

to conformational interchanges which is physically desirable.

In addition, polycarbonate and polyformal polymer in solution have been

13 2
investigated using both C and H as NMR probes, the detailed local chain dynamics

can again be characterized using correlation function approaches based on models

for both segmental and local conformational events. The results can be compared

with the information obtained from solid state analysis and activation energies

compare favorably with those obtained from the fractional correlation function

analysis for the microscopic intramolecular process in the absence of coupling to

the, glas. In many instances it is clear that knowledge previously derived from

dynamic studies in dissolved polymers forms a basis for the simulations used to

analyze the solid state spectra.

The full details nf these remarks are contained in the appendix which is

a compilatinn of the publications resulting from the project.

MmH d a I fi afm lil iih l i ia n m l~ i ~ " - el i .. .." " .. . .. .. .... ... . . .
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in the form of niM i!)O.Ir ohIvitr when the return of the magne-
tiz ition was plotted i:i the st ,inlrd from lIl(A -A,) versus T. The

presence )t cr,)ss-reltxat io in the prt o data was further check-
ed by comparing the phenvl proton T1 in the partially deuterated
analogue with the phenyl T1 in the fully protonated polymer. The
phenyl proton T1 is about 1(t longer in the deuterated polymer in-

dicting a small amount of cross-relaxation thoug h the 10 change
is essentially the same as the experimental uncertainty. A 10%
uncertainty is placed on all T1 values, reflecting error contribu-

tions from concentration, temperature and pulse widths as well as
r jodom fluctuations in intensity. 'fable I contains proton and
c:arbon-13 Tl's as a function of temperature and Larmor frequency.

Interpretation

The standard relationships between T1 's and spectral densities J's

are employed. For carbon-13, the expressions are (4)

I/T1 = W0 + 2
WIc + W,

W0  = Zyc2rfit2h2'j l ( w,_) / 2 0 r j 6

j (la)

WIC = E3yC2yH2hi;,( C)/4)r .6
JJ

W 2 = 3rCHuh -J()/Inrjh
j

-0 = §H - "C 2 - it + -C

and for protons it is

lIT1  = (9/8)(Y4hrj-6j(2/iS)Jj(,,jj) + (8/l5)-12(2L1)] (Ib)

-J

The Internuclear distances employed are 1.,95 A for the phenyl C-H
dis;tance, 1.125 ' for the formal C-Hl distance, 2.4 , for the 2-3
phenyl proton (i5tance, and 1.75 A for the formal proton - proton

distance. The 2-3 pheny l proton distance used here is comparable
to the distance of 2.41 -, used in the polycarbonate interpreta-
t lns. The choice of 2.4 A is based on the phenyl proton T1 mini-
mum and the slightly smill er value is cant irmed by a larger Pake
doublet splitting o bserv,.d in the slid staite spectrum of the
phenyl pr,)t,,s in the parti al ly duterited analogue (I).

Fxpress i tus for the spectral density can be developed from
m,tdels far Itcal m,)tion in randtmlv coi led chains. Two general
types o)f local mition will be cutstd,, and they ate segmental

m -ti-tn and inis,,trtpic ritation. Scgm t al motion itself will be
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Spin relaxat ion in Ji ute s-hlution his bc-en em:'ploved to charac-
terizt local sijin :oti-n iK siveri l p,*..mr? i with armatic bck-

bne uni t. Thtb two general tqi oe c"- JSO fiare yplci cipnl'-
vlevu oxides (1-2) and aromaric pclyc rctncite s(i-); and these
two, types are, th~e most common high/ impact resistant engineler inlg

plant ics. The polvmer coccidered in this report is an aromatic

polytormal (see Figure 1) where- the jrvnat ic unit is identical to
that of one o the palycarbonates. This polymer has a simi lar dy-
namic mechanical spectrum to the impact resistant polvcirbo-
nates (A ) and is therefore an interest ing systern Ior comparison of

chain dynamics.

In addition, the formal unit itself -fters a new cpportunity
for monitoring chain motion relative to the poiyvarbonates since
the carbonate unit contains no protons. Tne cpin-lattice relaxa-

tion times, T, 's of all protons and all thons with directly

bonded protons are reported for the poT rforaml . Also the carbon
,and proton T1 's are measured at two dirt Irent Larmor trequencies
to expand the frequency range covered by the study.

In addition to determining the time scales for several local
motions in polyformal, two different interpretational models for
segmental motion will be employed. An older model by Jones and

Stnckmayer (7), based on the action of a three bond iump on a
tetrahedral lattice is compared with a a v ,del by Weber and Hel-
fand (8), based on computer simulaticns cct pOlVethvlece type
chafins. These two models for segmental mitioc have been compared
bet-ire (5) for two polycarbonates but somewnat different results

are seen in the polyformal interpretation.

Ex t-imental

High molcular weight samples of the plvformaIl were kindly sup-
plied by General Electric. The structure ot th- ri-peat unit is
shown in Figure I as well as the structure of a partially deuter-
atid firm which was synthesized (9) to reu-ie it-citon crss-

relaxation. A li weight percent solution of the polvmetr in deu-
terated tetrachlcriethiane was prepared in an 2IR tube, subjected
to five freeze, pump, thaw cycles and staled.

5pin latt'ice reilax-ti i n me.strt-ne.nts wtrt, condcited on two
YpectrmtPtrs with a st itldard c-;--2 pulse -cice. The 3 aind
90 till, protin mt-,iasuremer-ts as wcll as th' 22.h M1Hz cirbin-13 meas-

ur-mi-nts wire made on a brkir SXP 2 - Ilc. The 24c ,-"H. proton and
h2.9 irbc-I mi-.jsur,u,-.ts wtrc miiie in Ai St-crker 4Y-20..

%pin littice ri, lix i on timecs -ire cil'c il ed fr m the rcturn if
th- mAgnceti/iti n o cq-ii hri m tnt ,ing a linear and non-linear
1i st -quitrs inalysis cf the diti. Thu two analvses yieid T1

vtlous within I" t if eaih ,thtr inc Avtr ae il"es are reported.
4- #,v ide,< v (it cr h s--rcl ItA! ion or i r,:s- -rrt-lat ion were cObsitrved
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Spin Relaxation and Local Motion in a Dissolved
Aromatic Poly-fornial

',p 'I'l I 'ibotato , . I )cfp nIi n it Ill (licriin ~ I trk tIil\ ciii \\,)IIc~ cr. %1 0\ (10

P \I IM .1 1 1 1 )

I 'clp rirn rit ,I ( 1icliit\. (oI lle (If h, I I Ilk ( x-. \\ictcIci. \I \ 0 16 10

Cat boo- 13 aund proton spin-laittice re 1 axa ion times aire

reported tor 10 wt,' solut ions of a dissolved aro)matic

de term ined at two Laror f ro(UIl eC i es 31nd as a funC t ionl

ot teumperaitore from 0 to I 2iI
0

C. These rela-XAt iOt
times ;ire interpreted in terms of secmental mot ion and
11 IiSOt ripi C inltcrn11alI rotLa t ion) 1. S-1 jMenjtalI correlat ion
functions be both lones and Stnc-km leer, an~d Weboer and
Hll faid were Used t0 h1 ttr;'ret thU aa Internal ro-

t iin is descr ihed he t hc otikil 'snrApoah
ml~ r-trictd r tI na! lii isi 2i, hv the Gronski

I ppr Ich, t. Bo th A~eil ;Irreli:,1 in Ili!,(t ionTs lead

t" i'~ I Irre-s II tlhot , roIl t t ' the nlu;n

p Ylcairhonaito, .5hl ond ,Tint:7i imnal tr insi t ions
11re -1,1r7 I ten no rult in t he plv frn II . Thlt phene]IV

criips bii th K b~chore tindo rr S'ro"i-:i t. il rea rrange-
-,enlt S X11 inTtePrnllI ai sitii rit il-in it cniparnible
raites. Mt ionl inl the c r Iil I n Il"I is described by

t he- t imo sgimcntail corrt lit i In t imes p]iis restricted
r tait ional di!flusion i -nitt inl ax i S ' tw('VIi thle oxgons

thtfe t onmalI g r, kup). TheI i n tIr ,rt eLit 1i.1n at Ithe t ormalI
I link hlsed on restri c-ted r, taIt ionaiI lifInisjioli is di s-

m i s s ud i n tecrmrns ort t.he c iiim r;'.it iI1i - 1 i~ -vI% i n thiie

l inIk wh ic h aIr e c o mio i Iy rcfrrt t L . t 'he ann-eriC
ef 0,'t The chico of the, ax is Ot r'St'Ir icIt ed ro t ati On

nl t I( t irrma IIt ni t is, oly a ll l(I Iri'lT t)1ion ilf t. le re-
-itI1 nl ot Ir, Iick ing1 1e hill cii i)tm itiolii t rl11s51

0IN (1 16 ,A (47 0(W'Xl )(



Table I: (C,'it jnjei

F"ormal Proton i",r',] Car ,,uii

T T (Or,'- 5 T] 2'm;)

(C) / im 2(b) ]/sir9 2 (/ )

0 335,/316 /217 1129/118/102 31/'79/ 77 136/34,/4C

2)0 28 2/278,1215 1Ji] /x13 '),'li1 3 91 -,,9 3/'t 4 1 52/54,/57

40 255/274/237 13/15 1!/ 141 ]01/115/.109 82/81/80

60 267/292/276 198/1'10/183 134/142/143 123/111/I15

80 1i1/3.5 "345 l3,5!,_/ 235 1,' 5 I 1/18 1 193/147/147

100 356 3;L0 241 328

120 455 .133 394 366

(a)The 90 MHz phen-I proton data were taken on a sample in
which the formal pL-oton , were replaced by deuterons. As of
the date of this preprint, 30 MHz data has not been taken
on the partial :ie,iterated form.

b)Sim 1 je tlie sinulation allowinj f-,: ol] restrict,,] .Ii-;o-

troo)ic rot.iL , r di f , ;i,):i ab)Jt L,,ho tUxyJ',l-Oxyji. Ya.',.

S ir 2 is the 2 IiItionl aJ towilnj ,oc co-,pI C anisotr(,pic
rotatriorna I dittusion aJUout the oxyg-.i?-oxy,pn axis.

Tablc II: Siml .itio:i Par,-i nte cs Lot TI'S in Table I

P henyl
S(:- Groui

mr nnt 3 P otati on -'or:ail Group Rotation

s I 1 ' s- im 2

T i f ns ArgLe Per x10
(OC) Ins .7t T -rp Full t Restricted

Rotation ,.)f'ation Rotation

4 . 3 2.10 1. 81 0 0.082

2)0 0 73j .51. 31100 0.15I . 22 0o.70 3 . -L.73 l O O l

40 0. 364 3 1 .5 1.30 140 °  0. 16

6*, 0.210 3 0.46 1.000 1500 0.16

80 0.106 5 0.44 ..00( 361 0

100 0.045 9 0 O39

120_ IC.Q0nIll 0

. -_ _.. .. . . ._: 4 : " . -" . . . - • . -. . . . . . .



Thus i .n a chain of OC 2 units, polyoxymethylene, it would not be
possible to separate ieent i motion from restricted aniso-
tropic rotation in tho same way. Even the attempt made here
re!;ts on a limited data base a,1 crudc models though the data
base is fairly extensive by current standards as is the sophis-
tication of the models.
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Table I: Experimental and Simulated T1 's for the Polyfornal
as a 10 Weight Percent Solution in C2D2 C1 4

Phenyl Proton ( a )  Phenvl Carbon(a)

T Tf (ins) T 1 (ms)
x)exp/siin expysim

i ,-_4 IT 1 -3") MH z 7.92

0 548/540 153,/)67 137/132 72/79

20 4199 /15k'6 189,/189 174/160 106/109

40 522,'509 274/2/4 221/206 145/153 1

60 623/592 41f2/432 329/350 349/316

g3 794/784 553/> 3 448/4 4 448/405

100 1168, 1102 763/77i 6]1)/655 679/612

120 1 1411/1.396 939/949 7j j/814 727/758

- - ' - -"- . - -



seeo;ts trivial since NT1  for rhe fortcs1 carbon i:; the sarmP a; N','1
for the protonated phenyl cdrhon. Howe-cr the phenyl catrn lI
T 's are interpretud oth in tevits of a segy1_ntal motion ani a
penyl group rotation. Thus the fornal groupn must enjoy adrli-
tianal motions beyond thos'e characterized as sejmental motions
bised on the phenyl pcoton rela:<ation.

Several notions were modelled to try to account foc proton

and carbon-13 at the formhal jXasition. First we assumed that
whatever segmental motions occu'rrei at the large phenyl groups
also involved the forlldl group. No physically relevant model
was chosen hero,, but Dnly th#, i -sitior that the segmental
motions involvi -j tho: phonyl gJoups; 4ul . also involve Li: for-
mal groLu.

To account for the observed Tt's some alJiitional motion
must occur. First anisotropic rotation about the OC bond in the
OCH12 0 unit was considered but thi.s; did not account for the ob-
served data. The second approach was to allow anisotropic rota-
tion or restrioted anisotropic rotation abouc the 00 axis in the
OCH2 0 unit. The restricted rotation accounts for the data from
00 to 600 better than complete rotation although a fairly large
angl#e for resrcricted diffusion resuIlt.c. At 800, the best simu-
lation of that is achieved when com[Iete anisotropic rotation
about the 00 axis is allowed. The Gronski approach 6 - 7 is used
to d,:;cribe rrihtricte, rota tio, till"J,!h othe" models could he
consiered. In Table II, the column labeled sin 1 refers ta) re-
strict-A] ani,+ctropic rotation and :;in, 2 r-.:fers to ccmpli-te an-
iso'tropic r.)tation via stochastic dLffu-ion. Note again, at 80*
tuie o:pti i-, i lle .of restriction 1. 3Y, which corresponds t,
.... : .ete arni rofic rotati-n. ' di f Li[usi,un constant for the
:estr icted cd3-'12 is Dir and the cor)-rflation time for the complete
rotati'-n case, -r

Above 0"', no interpret3tion of: the formal relaxation wias
;inr',jeI since the extreme n,-.'owing limit is nearly achieved.
Better Te.TISJCO ents over a wider fructncy range will be made
%cfose this a,3pect is completed.

C']: "~l]ionst

The deszription of mnotion de!eloped on the basis of the

spin relaxation for the phenyl group is similar to the earlier

studies of polycarhonates. 5 Phenyl gcoup rotation is slower in

the formal relative to the analoious p olycarbonate. This dif-

furenuce in phenyl group rotation i olso seen in the solid

carbon-13 majic angjle sample pi .n spectra which shoc a dou-

blet in the polyformal and a singlet in the polycarbonate for

the protonat'ed phenyl carbon at room temperature. No evidence

for restricte,1 phenyl group rotation is observed in solution.

Th2 formil group is best interpreted thus far by segmental

motion plus anisotropic restricted rotational diffusion about
the 03 axij of the OCI12) unit. The angle over which re ;tricted

diffusion occurs increases with temperature while the diffusion
c-,nstant remains relatively constant. The presence of a re-
stricted rotation in a chain backLone is an int+e:resting pheno-ne-
non if te Jata and mol1ing ar,' to b be lievur . Without the

presence of an internUclear int(!ract ion parallel to the chain
backbone providcec] by t.- Loh,_nyl proton -, the di ;t inctioJ h,twetn

segmental umotion yielling ov-rcill i.;otr_ pic relaxation an'd some

sort of p ial anisof ro-pi-- totati i (ould nut hive been made.



to remove c-ross relaxation between the phenyl protons and the
formal protons. By comparison 11to the polycarbonates studied
earlier, the replacement of the carbonate unit by the formal
unit, gives 'tuor positions for NMR~ relaxation StulJy. The addi-
tional data (jain: o froin the formil1 protons and formal carbon are
the basis for s-oine new insights into chain dynamics.

Experimental Results

High no1,_--Qlar weight polyfor~ral of l,t-dichloro-2,2 bis(4-
hy,.roxy phen-' l ethylene was used t.-- prepare 10 weight percfenit
solutions of polymeL- in C-,D 2 C],I This polymer was kidysup-
plied by Ceriecal Electric, kesearchi and Development Center.
Carbori-A s-pin-lattic- t-laxation Ti~s I~s wcre? meas--ured at
242.6 M~lz in *i Bruker oxp 20-100 an,1 at 62.9 M4Iz in a Bruker W,
250. Only VAIUOS for- protionated carbions ac-e reported in Table
1, and thk! tw _, protonatei] phenyl cirbon,,- hae the same Tj which
is reprt_ d. Proton Ti 's were ;neaosuredJ at 30 and 90 Mlhz in the
' XP; ctrnd at 27, MHz, in the W74 250. Measureiments were made a

4 f~inction 'of tc-uperature over the txange of 0 to 120 0 C anid all re-

I riI-c or T:,- L a t i I

A preliinmary scani of the data in Table I shows that from 0
to 30C the oxtroine nirrowing liilt is not achieved. Above
30CC, the extzeme narro'_winq limit is approximately in effect
which results in less information content at the higher tewpera-
t( re . The N 1 rule is aiso nearly valid when comparing thie phe-
n' vI carbon daza (N=l) -with the formal carbon data (N=2).

The phenyl proton and (arbon-13 data are- interpreted in the
oam e marner a:, reported for the studies of polycarhonates. 5  The

phtenyl group is considered to under j o two yteneral types ot mo-
t IOnl zso-gmcntal rearrangemnents and~ phenyl group rotation. Seq-
:v2n)ta I motion rstijtron chci.::; in tho directinn of the

tinco - in the2 backL~oae is am'~Jto follow a correlation
fincti~o f tli.e forin de.veloped by consideringj 3 bond jumps ona

'et?.rahedra1 Lattice with a sharp cu,--ff of coupling. Phenyl
-,)~ rtatio-i is de,;cribed by stooha7,tic diffusion about the

'~' c~ ~i te i .esBjinri~aI nt ontho phenyl proton dat-a are
COF ~ SC~ rit 1 th par tI aI td: ite a ed orm j, thce phonyl

o[!!r.; Lol ax h,, r] I l;e -dJipolI.- Iiit'2,ract on Ltentho! 2 ancd 3
j)I1&iy'1 r-Lton- pc-icall; to thc CC 4 axis. Therefore, phenyl

ti I w!iOmrusuil t!j Onlly M~tsjnn.] ot ion anld is an-
affect,,] by the pre3s nce oc al.su'ncc of phenyl qroup rotation.
Phenyl qro-)_p rotation can be det-cted in the phenyl carbon data
by chockinj for a chii n(;e in relaxaition from that predicted by
the d,?scritotion of segmiental rmotion devcloped from the proton
data. 5  in' the polyformal, there is_ e:vidence for moderately fac-
ile phenyl groi~c, rkotation. Corrtulatiom timcs Tb for se gmental
motion and ()relation timnes for phenyl group rotation T ir'- are
shown in Taible IIl. However, relative to similar polycarE~chatps,
phenyl group rctation is 2 to 5 Limes slower.

if motion at the fornfal group is, i, -.w con,;idererl, soinc in-
teresting new aapocts arc.,;e. it should bL remembcred, that
there are no com)Parzable data in tho polycarbonates since thcre
are rio3 protons or carbons with directlv bonded protons in tro
carbonatr! ikage. At fiLFt qlanco, the formal group notioni



4 SPIN RELAXATION AND fDCAr, UTIN i~A IOLi VL 1MmL:vrY-
FO R M A M. F. Tarpey, \-'.-*-Y Tii a',d A. A.,or , 3~ufpsur, Lab(.)r;
tory, TCepartliceit of Chi ,,:lr ' vr;1yWcri--c e
MA 01610. P.'P. InjL3 ieU Dcot.~ ACerjt~,Ci-eOf
the Holy Cross, Worce ,,er, MA 01610O.

Introduction

The introduction ot commnercial ijastruinents for solution
carbon-13 NMR over a defcade agc spurLc.3, many studies of chain
dynamics in dissolved aro-recl. The power of- NMR as a
technique tor prohbin-g ration lies witnin its ability to monitor
several -OOSiti(.nS Within a repoatl mit. This allows for dis-
tinguis'-inj several types of local motion based on the repea3t
init geometry an]3 tho7 po-_sitioi of tho carbon-13 nuclei being
probed. 1  The limitation of ?.IIR S a i rrobe Of dynaii 523 followed
f roin the roSt rioccek2 fr'ciuency riv-.J* iw.;Iia ii stud led. *2 MartL

~ sud et ereija;ejon Oota at orit or two frequencies while,
f1-or exampl-e, dielectric relaxation inojrsure;,;iints are made. over at
leci-t a decadelu or two of frequency.*~ In NM1R, the lack of dyna~m-

c infurmiatinnoe a r.a-onable frequ,2fcy rin~e has preventedi
fie )l~l'ici. 0 quaut i tat i v' dis ~t i tf ions bhtvtwen var icus
:v-iels Eor cha~n tin

The a'.'iilalil.ty of supcucoiraactirici spectrometers at ever
i tcreasinV7 fili strerigtlhs of Les -ill~az son!i hope of overcorn-
i n, the 1:tdtcIun aj t most NMA~ studies. These

.9 ;)cZ~fdj~ i-j e ~arejnt ~.1dhiveL to be combined with low
'ii',conv. .ticnal macjnot Iuarieth andi the simultanecusC >t~~~~rm1na!_ i,-1 of uJra:Lari cirbor.--l3 ielaxation as xed

h~ ~~1O'0 /rinirt in> r k~:Ow 1 aert ion * ) The addit ion of pro-
ton c~au~'~sa!3, in,:r*eas. ; thLif- 'e of positions being
probed withi!t t!hu r:t ini t of the polymer chalin.

With thi- pr-ceklinj dc in mi-i1. .tudios of' diszolver]
* ~ .~ycrboi~o' ha e bon un!.urw-a '.or ;'231years.5 Here, the

reritson in irom,.tic oloti ,a rtr1uc turAl analoj of1 Cie

o iLV:rbaat';,i3 piresentred. T'r.- pal- ier under consioeration
is the f),)'yfrT-1 of )--ihar , is (4-hydroxy phenyl)
ethylkic wit', tno Le)2at unit tatc'

SCl C1
D
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iiihg-em eauedaaadsmuainbse npidrpten uiin (' wharpriir aaan i uaio ae ;

r fip abutth C,, xis ( ) ightv-riertue dtaandsiultio hse onretrite rtatonabot heCC ais 'e a60*rage

* E i -tmprttr aaadsm lto isdo esr~ drtto io Lh axi o r'rne()hi - mp atie
dat ad im laio bsedonr~rite rtaio ovr I() rrw aoutt xi Iclne a 70' to C ' 4 1 iA paall ote0lbn
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a as) all hih-e peitr data an simulattion and unp flips betee 0 aaid 1 * i'aotheCC ais Hiih-mpr Tur e t
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The points represemit experimental data anid the line ithev t Iwo-
retoRal sitnilat ions itu the high tetoperauire limit imoulilli'n Ac kno-o. ledg men I. We irc grit fit ii D rs 1. 1).



4 ~Solid-State Carbon and Proton Line S ha PV for (Mn he rainsfiri-il Wit h tho a~~;pprowpiare mnit rix. R. to a
the Characterization of Pht'ti' len Group Mot ion de-.ired nr ittiir Hix -. %o-. i ' here the x axis is
in Polyearhonates 51il, dti i.- he . o TIOlo ill. o R,, R I. Rotatinn

T h e line ,h apes ib t icn ed fro nt p ro to n . carb o n , a n iiilid i-. C S i i nj- h c ( M P ' n it ei th e- fli ,; o

deuteirum inaiinetc Tremmnty~c hWe been tiwd no htir i- Ti!retie riafiin 01,t a xis are then generated.
terie the gvoinetrx of motins in soliid p ,inirs. intling livs-ie, fll-. ilivi2a winwata.~ly d~iffrt shape frm

pi vc~rboate~i Ill pillycarbioiAe. tinth zatt(.t11Tl hit- rest riicted roll! o:i. lit tt r rvplii-ate, the iihserved high-
foiut-ed ion the mot ion of the pbtli\ Ilnt, ,roup ki th(. first teniperaifir- ii it~t: rii f:2 l ips. ait c-lose to the general
report tf proton line shape data rclcvalit to phll\ lttie -.hl1ic It 7 tlip ri ,' nl io %kh 1 i irl\ hiroe-atnplitude
group mIntiiin1 poiintedi li some torin tit rotaltion or rr- rv~trinted rotal ill (l ). the ib-.crit d ii~h-tvmperatUrt
sticed rotation at the ((4 axis an, the lariest am- limit is it "xell siniilaitd.
plitiide, highest frequency piiiii-Ien rw iioip mlotiion. Ccrtii (thlr procv-.e-. also siniulatl the high- temper-
However, the proton data are completely ilsls Tleto the. illlre bilt. For instiaiie. hoth ii fips between 0) and 14 0

*

st p ;n d w hetar p h tid e itp s lit--i (i blsn a l i in e d it j 7 - p ro d u ct re a~ o iv re p lica tio n s , of an e ii b -

Variahle- ernpvrat tire carbon-I 1 tlngi c angle :ianiple -.trxed spectlrn. lTle liailmtni of' the USA line shape
spinfling spectra on a related lolyner' are ialso m.ilaile inl Iltc 7 11 iixi- .il.it ill -.uectrnil is slight ly displaced from

tdefine the latter aspects ofthrie pleylent arokp 11inoti the ob-.irx" eliwak. blut this .h(a n h~t e definit ively ruled
though (;V1rriyi\ et al. miuieled the luition asa flip :Wli oil! 1h, tol-idi11 thei protn dilpolar line shape.
the C, (4 axkS I eliteriim line shapesi are c inhfilrddyl A-, nteltn-ilWpr I -ii liuhir lint- shape,. for the phe-
more sensit-ive toi the nature of the imotio, and Spiess' nyiiie llroll ini the p'vaiinate of 1.1 dichiro2-
conrcluded that the roaion took place Ilritnl z irfts bIw411-dlrNx\piilnxh'ithtn (, itqlrl have been re-
abuwt the Q'1Q axis. Car-bow n-poo illa roa!kn paY &m1hn111ne ol] hrii
Sllin-eLhoi line shalpe experiment., by- 'Shaeter- could al~so pirton; it >lli -t mi-r P l\nlr C ilar1 diol dpen-
be ex plIained y flMipts i(r alternatively by~ rirtaiN df ti-ration Iirilil ti tie , hil ha~kit, the, persister '.
fusion restricted to an antguilar range if aboullt .10'. Mt l- Iilvtri tol it hii.h tl-lll-itliri 111WIleS moions
Schaefer" noted that theoretial s.imlaltions lit th i li- thal~t io ni t ~111 il ~reriew ntIie (.C axis.' The
temrpferature limit of lleterii) hr idipolar line sit- tor s.i71)ll-tlilo lyieilWI) til- ritpi~rrilit is somne firm

flHips are rather similar to cer-tai n ices it rt-trictd At roithlo itXiM ti W11- thkiLlh rot~itiis aboiut a parallel
angular dlifusiiin and t herefie diffi"ulto dist invii-h ( )n axis ire, 11.ph- itilidict.
thewoe hand, a significant difference is priidicts-i ini the 5, liit !fi-ti th ilo ll pr 15. in ilpilar experiment on
chemical shift anisitripv tensor foir the two' ntions. and IA A- li-I i- it-t-d lt r hilirall tiiicaritonate. it was
this alloweid Schapfer to stibstrimt at the presen-ice 4 r i in- -\ t u-lft-rite the ntlltill groiupl to p~roduce
flips fir slime phenvi- illllls in) polystyrene as iriginilly PTA-f, A Itvt-l I 4 tidruitert ion if the methyl grolups
repoirtedlithv Spiess4 

hased (in deuiteriuni dalta. w~a, I hit-iir ii n retaining o4 i f the priotoins in the
In til. colimiciatitin, we repoirt the re-niAl shift ph""tyl Jlio~ an- 111

atlisiitriiliv (SAl I ne shape fir a pihenlyl t ario i Ino Q - T, Avo Or- On4- tiis le sppctrum (If the Pake
carbiinate in the loA-temnperatltire limit at -16) '(* andi in llirtini:. RPIA -,T t - i-..Ie in perdeuterio-BPA to
the high-temnperatulre linmit which persists, oiver a rance of lihtan Ithe ilwct ral -.b wF l ikre 2. Here, the flake line
aboult 1UN) W( below Q

1
. These wpeirin. shwn in 1-ulre silile is. appare-niitit of reduced intermolecular di-

I were obtaint-ui (in a1 c-rbiin- IM liabeled mli kiilllle of p~d It ils- illitraf iins 'Ilii. cetelr spike in this spectrum
bispiheniil A- where !4 11', of one it the two (-irilill- IT) the iristes iriln rvtsidiual protonls (if the perdleuterio-I3PA. which
phenvlene grnip rwho to the cirbiliate art- i51flliik ally S lti i -. ,' ( ~it the sanmple by, wxeight and has 27.
enriched. hAther a miope x 2 pullse or iri- liiiarinn re-.idli tirtil- lil The riiliil pri tons in BPA-d6 and

-- tie~~;rilili iri-, 
1
I*.\ V.1-rcit -icrfliftid from pritoin and dcii-

* lait Illn. in iiiirt 2. -pt. ifio 111 i he inliensity if the center
4 -tipikt- lirt- ii-l II v-iii ft kii-,knl leiel of residual

ti lliived by- prolton dipo'lar de~il11ing As foiund ti yieldl Jprit Ifs

iiieqtat (SA wlit I ra illiw- i, At lo1w tentlllerat ire-, the Tihi l'Al-i plit i (,l b4it- ! i-triilui frotm simulations
CSA pecltruim isi.t ntl a-.'nlmertric %wih Al~ws fi of fli -. ji tra in i :ti-v 2 . h un it l'a pati-ern With
a mire deftinitiv-e ihira-ferizatiiin i,, ii-aui-stan tidier ither ( ,--ilr I.,r wI. i ill !Kr .iit ini A decrease (if

axiall sinmtr Inideed its Whl~l in haire E the at- thl- ile i ll-llnii-r ot kin i k~ I-.wiimttd by tie simula-
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0 1

i
S I \RI'I I I \ .1 RcI a'/i < '/1 1,p )"/ II ,,I!,o 7.

The angle A is between the interniclear vector and the axis of

internal rotat i on.
The three bond jump se" lal motion description can also be

combined with a descriptin of restrict,,d anisotropic rotational
diffusion (13-14). In tnis case, the composite spectral density
eqiat ion is

5 Lt kl)
G( ) = 2 I, 2, +

kl ko

B Z(2 cos £)2 + sin 2 
ij 

t
k) +

I + ".2 'k0 2

- I~l - cos(, - n-)] + [1 - cos( , + n i) 2 +
2 n~i (I - I'_L) (I + n-)

*X

isin(. - ) + sin(Z + nT),.
2  

Tnko + (3
-I-L) (1+ n ) + .2 2

X t nkO

C 1 1(l - cos 2k) 2 + sin2 2x) TkO
2 2'kO

C I[ - cos(2. - 1')I + [1 - cos(21 + nr) 2 +
n=l (2 - n1) (2 + -T)

Ssin(24 - n7) + sin(2Z + nT,)
, 2  TnkO +

(2 - Ti + n7 ) 2 2 J

i nkO

wher,, -1

Tk') T
k

1 - + A an,
t 
nk Tk

=0 - (2)2 tir

ST
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The? new p iramttc rs taor restLric-t ed Ariii,)t ropjic rotat lal diffusion
ire hea ilir ri : >ail- -v h r , t rtti )n di tt us Ion occ 2u r S, x
cid t he r, ia jnL-tII it, i an ink' ta(r rest r cted ani so rapic

ratait i atI i u, infi ,jK
A n-< adt asr it j, t '1 c,-enntal tmtrit c-in be combined with

thfe k-in- us typs " rit -r,1n-in Ini t Iric7 int er nal1 rot a tio n. 4
Wabt1),-rmnai I! i ,- I ill, ( ) L-halri,'t -ntze s-; ncL - ot a M-i io n1 1- te rms o f a
Lcar r-lIit i iln t rvm !11 1- -ic e COn iori:nt [ion a I rar. iria )n s , tg(), and a I-
orrra: i-rn t inn,- far :a'live2 coota)rat ianai transit ions , T I.i
hII i -- , teias- b)een ypI 9'd to nuLClear s;Pin relax~at ion before (5)(r, e fo crn of a-i ,pe c ra i, densit y for a co:nnpao ,i tte segment ii

-io tn i-i inir-prc int'ernal Ctat ion is written

A = 3 co5 s . I ,

B 3 (sin- 2)4(4)

C 3 s n

,-rs--!:istic Ii: t asia)n

(+ i-,) I

4 T~~he t -no h~ i n c ile same as Jjgiven be-aw with

ne ')edb Tbro and -,C)t esp e ct iveIv.

It0- (-7)t
1 + 2,< -1 il +12(T,)] + TI1 - i 2

x -s- 2arctran(2(-( 1 ' + zji).-1 (,01 + itj~ 1-1 2

f-I lv--rfy fn of -ac"a ii ma,)t iain can a-Ilso he comhi tid wit h

ri-s t r It -Ir wi tn;')i c n,--i-it ian-I d if fus ion
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J, AJ +

B . U(t - cos Z12 + sin 2 41 .1.01 () +
2

I - cos(U - nh) + [1 - cos( + n7) 2 +

n=1 ( 1 f-n) (j + 2-)

1sin(k - nT) + sin(Z + n7,) 2  j n +

(1- n--) ( + 21) (

_o [(1 - COs 2) 2 + sin 214 J (W +
2 .

I[1 - cos(2L - nn)I + [1 - cos(21 + n+)] +

n=1 (2 - n2) (2 + E_1)

isin( 2 . - ni) + sin(2Z + n)4 2 j JXn (5)
(2 - n-.) (2 + nr)

where

Ji o  (l ) = ( -1 (I0 - I  + 1-1 - ,21 2  +

-1/A -1

(2 T x cos(I arctan 2Tli -
7 2 o- T 01 + 1) - 2

- -1/4

[ n ) + + A ) - .' J }

2():31-1 )

x cos[
1 

arctan + tqj
2(: + , )(t 

1 +X )- -
n 01 n

: 0 - = :i -  + : 
-

,(n ) 2  ) -

All of the terms hv., h,i de t ined in eqs. 2-4.
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To apply the models to the interpretition of the data, the
approach developed tor the polvcirhonjtes will be followed. The
phenyl proton Tl's are interpreted first in terms of segmental

motion. For these protons, the dipole-dipole interaction is
parallel to the chain backbone and therefore relaxed only by seg-

mental motion. In the three bond jump model the parameters Ih and

m are adjusted to account for phenyl proton data, and in rhe

Weber-Helfand model the parameters lo and l are adjusted. Table

II contains the three bond jump parameters, and Table III, the

Weber-Heliand model parameters. Both models can simulate the data

within 10% which is equivalent to the experimental error.

Phenyl group rotation can be characterized from the phenyl

carbon Tl's by assuming the sejmental description developed from

the proton data (5). Either segmental model can be used, and the

corresponding correlation times tor internal rotation of the phe-

nyl group by stochastic diffusion, Tirp's, are displayed in Table

II and Table III. Again both approaches match the observed

carbon-13 data within the 10 uncertainty.

Table ii: Phenyl Group Motion Simulation Par:meters Using the

Three Bond Jump Model

° C m h (S) 7irp (ns)

0 1 2.69 1.85

20 1 1.30 1.19

40 1 .79 0.73
60 1 (.49 0.299

80 3 (0.180 0.247

10 5 1). 8(1 0.192

120 7 0..19 0.145

Ea( k.JI/mole) 30 20

T x 1014 (s) o.59 30

Correlation Coefficient 0.99 0.99

" "

I .!

*1



Tar1 Le L II Phny I Group LJ P, n lm ti lrrnor, U.,i ng the
lSeh(-r-H, I r Ind to'o I

o__C T I ( ns 1o (ns) lirp (us)

20 1.89 3. 7 1 .15
41) 1.1u9 2. 1. 0. 72
6t) 0.49 2.(),) 0.280

800291.99 0.240

0 O~~~.r)70 1.7 .5

Ea( kJ,'mole) 30 9 21
T_ X 10"" (S) 1 .04 9 7 x )220

* Correlation
Coefficient 0.99 0.94 0.99

Now the interpretation d iverices from the pulycarbonate pat-
tern as the formal group is cons;idered. As moent joned, the s truc-
t ura I analoguet to the fo".a 1 group in the p0 lvca r boria is thle
ca rbonate group , and the lit telr canno11t he d i rec t Iv stud ied by so-
lutio)n spin relaxation studies Since it has no directly bonded

protonts. If the formail i'; rirsr vfewed independentl 'vfrom the
phenyl group 'ata , one inight at tempt to emplov segmental motion
descriptions alone! since the formal _,roup lies in the backbone.
Pursuing this approach, hoth the three bond Jump and the Weber-
Helfand models were applied to simulate the proton and carbon-13
data in Table 1. Neither model is able to account for the data,
with systematic discrepancies uip to 70'. in both attempts. The
largest discrepancies occur at low temperatures with only somewhat
better simulatitons possible at higher temnperitures.

In one sense it is reassuring to determine that models for
segmental Motion caZnnot accouint for all1 dat a sets. On the other
hand, it is still desirable to develop some description of motion
which Will a]ccount for the dat a at hand , since the failure to sfim-
ul ate implies some potentially interest ing informational content.

.4 The success ful phony I group interpret-at ton can assist the efftort
to account for the formal data. The segmental motion descriptions

*applied to the phenyl pro on datai are based on isotropic averaging
of the dipole-dipole interactions by the segmental motion. One
could assume that the same segmental motion description occurring

*at the pheny I groups also occurs at the formal group since both
groups arc a1 1i. nt in the baickbone, If this assumption is made,
some add iti i 0.1 "10 irn must he -oiis ido red to match thle observed
formal relaimt ion times. In the (-ontext of the models being
appliled, the idded 'not ionl could hv a anisotropic rotat ion or re-
stricted rot it in. F h mlgroup, the first guess is rota-

FI etr
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tion or restricted rotation about the C-0 axis. This would be a
t!cl t,, k , -Ti c )ni () rtt.i t ion) ii t rai~it ionn occurring as an arniso-

,, i n o:it top o f t he segcrentalI imt ion of say the Weber-
HlIt av-d node I dete rmnined from thle phenyl1 proton dat a. Complete
ani )t rp);ic rotat ionl About the C-0 bond adequately accounts for
the hticre r tempe raiturt data, but fails to s imulate the lower tern-
perat ore dat a vabort -407. A rest ric ted rotation model at lower
tempoIrat ureS is also not able to simulate the ohserved T1 's though
it comes c:loser. Adding a rotation or restricted rotation about
the C-0 axis to thle three bond Jump model is equally unsuccessful
as mnight be expected sinice so tar the three bond jump and Weber-
Hie! and model have para 'led eaci(h other.

The next motion considered is rotation or restricted rotation
of the O-CH-mO unit abhout thle 0)-0 axis of thle unit. The initial
logic here was that the lairger aromatic crup were slower moving
anchors and the formal grouip was anisotropical ly rotating relative
to the two oxyguns which were the connections to the more sluggish

*phenyl groups. At hivzier temperatures, complete anisotropic rota-
tion about thle 0-0 axis in addition to a segmental motion descrip-
tion using the Weber-Helfand model developed from the phenyl pro-
ton data accounted for the formal data but discrepancies of 30%
still remained at lower temp(, ratutres. The lower temperature data
could be accouinted for by al lowing for incomplete anisotropic ro-
tational di.ffusion about thle 0-0 axis in addition to segmental mo-

io)n. i th conpiete rotat ion at hitzher temperatures and restrict-
ed rt it in irt lower tteoperatures , all formal proton and carbon-I 3

t: vci be i-nil it d wthin the experimental uncertainty of the
s.T'ie rmils tropic r,t~ition Simula7t ion parameters are reported
in Tale12r t he c-ia', where L!eg-entail mot ion is characterized

with t ,! er-e rv.1 -noje I on thle has is of the phenyl proton
dataI. A s ft tt o the t:iree bon! juimp model for the Weber-

i ni '7 1I s ') I,.rrlv thle Sam,. r mlts.

iCIe IV: r--i il i- it; 'i m lot ion Parame-ters Ls ing the Weber-
lelftand Model(a)

i. C 
ir x lo- 1 (S-

o g6 Cm. 100
1) 119 0. 110)

401 1(4 *.130

360 1. tO

H)360 _' 10

1)360 1).2_30

H)Ite )Ii cms l .1( t r~ported in ible Ill ire Used here
Is i.Is oth, pair 11tIters listLed.

6

0
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Discuss i on

As the first point, the dynamics of the phenyl group in the poly-
formal can be considered. Motional descriptions from the two seg-
mental models can be compared as they have been before for the
polycarbonates (5). In the three bond jump model the primary
parameter is the harmonic mean correlation time, T h; and in the
Weber-Heliand model the primary parameter is tile correlation time
for cooperative backbone transitions, lj. At the lower tempera-
tures studied, T 0 plays an increasing role in the Weber-Helfand
model but TI is still the major factor. This is an interesting
point in itself since cooperative transitions were also found to
predominate when the Weber-Helfand model was applied to the poly-
carbonates. Here in the polyformal, single bond conformational
transitions do play a larger role; and this can be seen in the
three bond jump model as well by the drop of m to I at lower tem-
peratures. Since r1 and Th are both measures of the time scale
for cooperative motions, it is interesting to note that the
Arrhenius summaries of the two correlation times in Tables II and
III are very similar. This similarity, taken together with the
domination of cooperative transitions in the interpretations, sup-
ports the utility of both models though the Weber-Helfand model is
developed from a more detailed analysis of chain motion.

One interesting difference between the Weber-Helfand inter-
pretation of the polyformal and the polycarbonates is the relative
apparent activation energies for T1 and T o . For the polycarbo-
nates, the activation energies for r0 and zj were about the
same (5) as would be expected if the cooperative transitions
occurred sequentially as opposed to simultaneously (15-17). For

the polytormal, the activation energy for the cooperative process
is much higher than for the single transitions which is more in-
dicative of simultaneous cooperative transitions such as a crank-
shaft. Since the single transitions are minor processes in both
the polycarbonates and to a lesser extent in the polyformal,
dwelling )I the activation energy differences may be risky.

It is worth noting that the description of phenyl group rota-
tion is not signifi cantly influenced by changing descriptions of
sei.zmental motion. This too suppo)rts the utility of both models
and the validity of the generul inalysis of local motion for phe-
nyl groups as being divided between segmental motion and internal
rotation.

Segmental motion and phenYl group rotation in the polyformal
can be compared to that of the po Ivcarhunates. Relative to the
analogous Chloral polyulrhonit ('u), the cooperative segmental mo-
tion in the polvformal is similur in ceneral time scale but has a
significantly higher activati m eicr,I. Phenyl grup rotation in
the polyformal and the polyicrhutute are nearly identical. This
su;gests phenyl group rtiti ion is ai vry localized process not
greatly influInced by replaicin,,, the carhunute link with a formal
link. On the other hanld, it is hlrd t imugi:ui phenyl group rota-

.. ..C- , • , lC - m I| l d -0 h~ 1 1 1 -l , -
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tion as a simple process within the hisphenol unit since MNDO cal-
cula t ions (1_8) indicate a high barrier within this unit.

Another interesting point about phenyl group rotation in the
p,lyformal and polycarbonates is that it is best modeled in solu-
tion as stochastic diffusion rather than two fold jump (TT flips).
In solid BPA polycarbonate, both deuterium (19) and carbon-13 (20)
lineshape analysis point to two fold jumps or r flips as the pri-
mary process. Calculations by Tonelli (21-22) also point to low
barriers to phenyl group rotation for isolated BPA chains. If the
intramolecular barrier for phenyl group rotation is indeed low as

indicated by the solution studies and the calculations, the change
to a higher barrier (6,18) and r flips in the solid must reflect

intermolecular interactions. This is indeed plausible since the
new conformation following a n flip in the solid requires no
change in the surroundings (no change in free volume) yet the sur-
roundings could provide an appreciable barrier to the transition.

As mentioned, the forml link provides new dynamic informa-
tion relative to the polycarbonates where no detailed analysis of

the carbonate unit is possible. In the interpretation, a rather
complex description is required to account for the formal relaxa-
tion data. According to the interpretation, the formal group un-
dergoes segmental motion as determined at the phenyl group plus
anisotropic rotation about the oxygen-oxygen axis of the formal

group. At low temperatures this anisotropic rotation is described
as restricted rotational diftusion. The main question is whether
theie is any physical sense to such a picture. Since the segment-
al motion is somewhat cooperative and the phenyl group is adja-
cent, it seems reasonable to assume that this motion extends over

hbth the phenvl and formal groups. The real question is the an-
is-itropic restricted rotation. To pursue this aspect, conforma-
tinal energy maps ot dimethoxymethane were reviewed (23-24). The
lowest conformations are gg' and g'g and this unusual situation

re.lative to plyethylene chains is commonly called the anomeric
etItect. Each of these conformations has two conformations which
are only 4kJ higher in energy. The tg' and gt conformations are

energtically near the gg' conformation and the tg and g't confor-
mitions are energetically near the g'g conformation. The g'g', gg
and tt states are considerably higher in energy. The most facile
conformational changes from the lowest states could be represented
by

tg' = gg' = gt

(6)
g't = g'g = tg

At lower temperatures where a given formal unit is likely to be
either gg' or g'g, the tran.,itions represented by eq. 6 would re-
sult in restricted rotational averaging. This would generally
agre,- with the results ,tained fr,,m the simulation of the formal
relaxation dat a tr)m 0 to A0 degrees where the angular amplitude

0

0
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of restricted rotation, , ranges from 8t) to 164 degrees. At
higher temperatures populations in states other than gg' or g'g

would become larger allowing for the more common occurrence of
conformational changes other than those listed in eq. 6. This

would result in effectively complete rotation in agreement with

the simulation from 60 to 120 degrees.
These arguments would account for the shift from restricted

rotation to complete anisotropic rotation, but why is the choice

of the oxygen-oxygen axis made? In fact, it can only be a rough

approximation, since the ends of the formal group must move during

these conformational changes. The time scale for the formal group

conformatlonal changes are only somewhat more rapid relative to

the time scale of segmental motion anc phenyl group rotation, so

phenyl groups are only somewhat sluggish with respect to the for-
mal group. A more detailed and accurate model for the formal
group motion could be undertaken but the data in hand do not war-

rant it. The present picture points to single conformational

transitions at the formal group which result in only partial spa-

tial averaging of dipolar interactions at lower temperatures.
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TL4IERATL'. EPENEN,-E -E PHENY. 2 hP M,':" N :N P{'A F)- H shale (t)) In this model, there is a single tome constant
SOLID STAI : CAih. N-13 LINE S};tX ;S corre,_1;} ind ig to the average residence time of a particular

Site. Io simulate line shaes, one only nee !-ds to vary this
by tme conet ant and the elements for the averaged tensor cor-

A. A. Jones anl J. F. 0' ara resorldinq to a restricted rotation.

Jepson Utoratory Usinq the interp~retation of the geometry of phenyl mo-
uepartment of -hemastr m tion at 1 5AC as a start ing; pint one can simulate the

Clark '2nivercsy tev; erature delendence. From +1200°0 to al. roxidately O°C
Worcester, MA 01(12 the fl i s occur at a ra ii3 rate and one can simulate the CSA

ll:ve snijes by simply changin; the amplitude of the restric-
P. T. Inglefield ted rotat ion. In the region from -2CuC to -60

0
C one must

Department of Chemltry also denresse the rate of the n flip process as the line

Collee of the Holy aroe saj I is manq7in from being nearly axially symmetric to a-
sy ,(J r Ic. The ,Lm, rate as a function of temperatare was
estim ted Iy com aring the theoretical and experimental

spectra. An Arrhenius plot of these jump rates yields an

TN a; tent activation energy of 25-5 kJ/mr for the flip pro-
ce:, , t. i nre I). This nmbder should be treated with caution

The polycarbonate of bisphenol-A (bil; exhibits the con- as it is determined from a sampling of only a few data

mercial ly important property of good impact resistance over a points over a very small frequency range. Figure 2 provides

temperature range more than 25
,O 

below the glass trans'tlon a descraption of the temperature dependence of the restric-

temperature (1). It is believed that the presence Of molecu- ted rotation ber"avlor. A plot of the root mean square dis-

lar motions in the glassy state at low tem;eratires is an placement versus TS shows a good linear dependence. The

important factor in the determination of the orig.n of this value of the root mean square displacement of :170 at 120f_

physical property (-). Recent solid state luMP studies in- correspon Is to the :30' angular displacement. At -6CoC, the
volving carbon-13 chemical shift anlsotrc~y (C'iA) line root mean square displ zement of :70 corresponds to a .10O

shapes (3) and deuterium quadrupclar line shapes (4) have de- angular displacerent.

fined the phenyl group motion in BPA. These results indicate

that motion at 12
0
oC takes place about the ZIC.. axis in the DISCUSSION

form of jumps between two minima separated by 1600 (I fli; s)

in ccmbination with a restricted angular rotation over : 3Ou The two site jump model is a simplistic apprcacn for

around each minimuzn. These results aoree well with p.redic- modeling the time dependence of a molecular reoriestsuon.

tions mrade by Williams and Flory based on the spatial config- Often when dealing with motion in polyner cystcms, one must

uxations of the polycarborate chain (5) . inv)ke a distribution of correlation tines to account for

In this report, we extend the analysis of the CSA line experimental data. However, the frequency range of the line

sha;e for a phenvl carbon in BPA to determine the terperature share data does not warrant such n approach. However, the

deiendence of the rate and amplitude of the phenyl group me- ap arent activation energy of the flip process derived from

tion. This knowledge should help provide a basis on which a single correlation time analysis may be in serious error.

one can develop a further understanding of the mechanical The linear behavior of the root mean square displace-

properties. ment of the restricted rotation versus Ti is attributed to
a description of the motion as a classical harmonic oscilla-

EXPERIM.PTAL tor (8). The potential energy is proportional to the square
of the angular isplacement, U-I>. By invoking the virial

The sample of basLhenol-A polymer, simile site carbon-1
3  

theorem, the averaoe potential energy can be set equal to

enriched (,90%) ortho to the carbonate was sy-nthesczed from the average kinetic energy and is proportional to the tem-

enrthed pheniol (2-1 C) obtained from P isotces. The perature, 'Us-kT. Therefore, the mean square angular dis-

carbon-13 CSA spectra were obtained at 22.636 Mhz using cross placement is proportional to the temperature, <- -T.

polarization and high power decoupling methods with a Bruker
SX? 21-100 spectrometer. Tylical spectra have been presented ACY-NOWLEDGMENTS

elsewhere (3) and will not be repeated in this re;ort. Tem-

perature control was maintained to within -2K with a Bruker We are grateful to Drs. P. D. McPaster, E. W. Byrnes,

B-sT 100970 temperature controller, and J. Cam pell for synthesis of the carbon-13 labelled
monomer and polymer. The research was carried out with fi-
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Mehring for a simple two site s-p tmx!'i 1,r AA line
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phenylene group. Thus the proposed notion in consistent with a

large effect produced by phenylene group substitution ortho to

the polycarbonate and les,cr ,ffect from substitution of the

quaternary carbon at t i e "PA bridge head. Another structural

modification, .,eplaement of the carbonate by a formal group

S 13
Ieads to a simlar ,Y.n-irl,. mochanical spectrum because the

crucial CO ond are ir<, 2nt in both the carbonate and formal

group though the geom-t-y (,hanges from about 1200 to about 109

bond angi~s.

Lastly, the subject -f impact resistance is considered. The

polycarbonate of 7PA shnws good impact resistance over a wide

21
range of temperatures. The diffusion of a conformation in-

v-Iolving chain translation and an associated volume defect along

the chain provides a mechanism at a molecular level which could

lead to the ra 1i i,:; ipation of a micros,-copjc strain. The

diffusion a1ong, tn., ohsI t, a largo volume defect to relieve

strain Is also , ci:inL; propo- .al to reduce arger strains and

i Id I pad! t the n., - c c, 1 rp , , ref. J tan.e in annealed

sample3 aFain nwr af.r,-men, wTit'bervct ion.
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motion could be thought of an 1 votation about a single backbond

bond with no subsequent ,ompersati rs ,orr-clated motion. In this

manner, new diretlra: of hick<hon. bonds are prcduced yielding

the nearly isotropic spatinl avraring observed at the glass

transition. In an annealed sample, the diffusror. process still

takes place but the larger volume defects do not exist and the

glass transition type sgmental motions will not occur. The

shoulder thus disappears in agreement with observation 13

The effect of structural moification on the dynamic

mechanical spectrum also point to the key role of the CO bond in

the carbonate unit. Substitution of the bridge group of the BPA

13
unit has little effect on the low temperature loss peak

Substitution on the phenylene group at positions ortho to the

carbonate shift the loss peak to higher temperature. For in-

stance, the loss peak of the polycarbonahe shown in figure 4

occurs 200 ° above the lop s ir .PA polyoarbonatc These ortho

substitutions greatly lncreioo stern interactions in the

vicinity of thrp carbora- g'roI .r: .,, tend io block rotation

both about the Cl -,rtn,,' ,nd aRbout ,!C axis of the
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thzc. he ir ' which i- n hyfi -:i I reaonabl 1e n i ncc t hr' small1

cart cn:- It o i ,-,snto : shpe and the airfe RPA uni t is moved sr)

c3 u. 7r 'c ra f~ vc .r nK l' r' ra en Ir ea t iv e

r nei If; !vk lhe 11Frnrc"-,(. I hfo 16,32 but

no nepreat unit level rferhssnir, wa- 'u.-r'estcd.

The ampliti:de () I' ' ul1 11k l0 s i s reduced by

cross- i nki n . 30 'lei Iure fluotuation.s ean be diffused along the

chain by the cin-traris (or transt-cls), trans-trans interchange in

the u1ncrosq-lIn'r7ed polymer but s-uch volumne fluctuation diffusion

woulId be impeded, Iby cros:s 1links lendinFg to the diminished bulk

locs in these systems.

Tn quenched polyca4rhoriate samples, a low temperature shoul-

der (i 3 relaxation) to the, glass transition peak can be observed

in the dynamic menhanical spectriim . Larger volume defects may

exist at some places in :i uennehnd sarple; and, with the proposed

model, a localized straIn -ould be diffused down the chain to the

large volume defect. t this defect, segmental motions com-

parable to those of the Class transition cou I tA ke place to

relieve t n it.ra Jn r ,h In nhi cntoxt tjjr Cl'ass. trangitions
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a small amount as the cis-tr ins conforration diffuses along the

chain which could lead to a larger ]o,'. However, the computer

simulations in polyethy],ne orifinally leading to the proposal of

S

correlated segment-il mrtions show suh proec's to be close in

time but not irnul toneousi. The cov rrlat ion function for
I

dielectric loss-, and the magnitude of the diolectri c lcss under

these circumstances is not known by the author; though further

consideration of this aspect might. be fruitful.

The dynamic mechanical loss would also be significant since

a segmental motion involving two different conformations with

different populations is involved. The carbonate unit changes

shape which should lead to a shear loss and the BPA unit is

translated which should lead to a volume fluctuation and bulk

loss. The arguments for a cornplex correlation function and an

indeterminate loss amplitude mae for dielectric relaxation on

the basis of the nature of correlated motion would also appear to

apply to the mechanical problem as well. However, both a shear

and bulk loss are reported 3 1 and they occur at approximately the

same frequency. The amplitude of the bulk loss is larger than
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fact and may not change drastially with terqerature. Further

examination of the carbonate C,2A iino -h~pr ri ght beP fruitful but

would involve locating te principal f:xu fo.- loth the tran -

trans and cis-trans confnrmat ion,.

Dilute solution MIr relaxation data also show an apparent

coupling or cooperativity between phenylene group rotation and

29

segmental motion. The solution data also indicate a

preference for correlated segmental motions over a rotation about

a single backbone bond 2 9 though both processes occur.

Dielectric loss would be substantial according to the model

and linked to NMR data as is observed. The magnitude of the loss

should be large since it involves both a partial reorientation of

the carbonate group and a change from trann-trans to cis-trans

(or trans-cis) conformation which could well have different

dipole moments. On the oth er lannd, the overall motion is an

interchange of dipole ro ,ents nssoc Iated wi th the carbonate

units. If the intvrchar-; v wer( ;jrriittlirieouS , only a small loss

would appear likely since the carbonates and the FPA units are

only slightly reoriented. Iany repeat unit.- could be reoriented
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intramolecular and intermolecular in origin. The n flips would

appear to be geometrically :;ir.ple but In frequency the motion

would appear complex sfince it is coupled to a segmental type of

motion which diffuses along the chain. Thus, the geometric

restrictions determined by proton, deuterium, carbon-13 CSA and

carbon-13 dipolar line shapes and the broad T and T1,, relaxation

minima 2 1 are consistent with the proposed motion.

The most severe test of the model could have come from the

carbon-13 anisotropy line shapes of the carbonate

20
itself . Unfortunately the spectra are not decisive in either

supporting or rejecting the model. As mentioned, the line shape

is not strongly temperature dependent and the principal shielding

axes are not well located. A further complication arises from

the fact that the model proposes an interchange from a cis-trans

(or trans-cis) to a trans-trans conformatioral which would imply

that the observed line shape would actually be composed of two

superimposed though probahly similar shielding tensors line

shapes. Since the trans-trans conformation is assumed to

predominate, thp rarhoni.e C5 ternor would largely reflect this
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tion function. An assumption of the model proposed here is that

the life times of the states before and after the correlated

motion composed of two rotations about CO bonds if, long compared

to the times between the two rotations. All of these motions are

discussed in terms of isolited chains but the nature of the glass

also strongly influenoes the corre ition function.

RELATIONSHIPS OF THE MODEL TO RELAXATION DATA

The model can de compnared to NMR data first since these

results place the greatest restrictions on proposed motions. To

begin with, the model is consistent with the preservation of the
4D

16
proton dipolar Pake doublet. The phenylene group undergoes

flips about the C C1 axis and translation but only about a 10° or
1 '

less reorientation of the C1 C axis corresponding to the virtual

backbone bond. It is important that the CO rotation axis is

nearly parallel to the C C axis for there to be little C C axis

21 4

reorientation. 
21

The model includes 77 flips a- a moti on coupled to the

Isomerization of the carbonate unit. This coupling could be both
I)
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the left side of BPA units.

The motion proposed is a segmental motion but limited ir.

nature. The BPA unit, are not ilgri~fieanty though sElightly

reoriented in space and would not, be reoriented in the model

until the glass trnnsit ion i rocia hd. The carbnnate unit is

reorienting but not isotropieally and again isotropic rotational

reorientation does not take plae until the glass. transition is

reached. Single, uncorrelated backbone rotations producing

conformational changes are the type of motion which would produce

isotropic averaging and would be anticipated at the glass transi-

tion temperature, T4 g"

In time, the proposed motion is complex. If bond directions

of an individual carbonate unit are followed in an isolated

chain, they would have a correlation function similar to that

proposed by Helfand for correlated motion, the Pessel function of

order zero. llowever, i eorpetn;itlnrt rrortentat ion of a nearby

carbonate unit ooeur.c soon aft.:r the fir t reorientation. Thus

the correlation fun(tion for diclect.rjo I er under these cir-

cumstances would be more compley than the bond direction correla-

" "- i, i = C ii m~m - -m. _ .- . . . .. . [ _ " . , . . _ _
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The virtue of the proposed -Jrrelated conformational change

is that the chain ends do not have to translate. In this par-

ticular example in the polycarbonates, the bisphenol A (BPA) unit

of the polymer is not significantly reoriented except for a flip

of a phenylene group about the C1C 4 axis. The one BPA unit

between the two carbonates which interchange conformation is

translated and slightly reoriented. This translation of a BPA

unit can diffuse along the chain as the cis-trans or trans-cis

unit migrates down the backbone; and this migration is typical of

a diffusional motion along the backbone of the chain.

Note that there is only one type of motion Sn the sense that

a cis-trans interchange with a trans-trann must be energetically

equivalent with a trans-cis interchange with a trans-

trans. However, the intramolecular coupling of one of these

symmetry related motions is proposed to affect only the one of

0

phenylene groups in a BPA unit. The other phenylene ring in a

BPA unit is coupled to the other interchange. Referring to

Figure 3, a trans-cis to trans-tran3 interchange flips rings on

the right side of BPA units while a cis-trann to trans-tran8
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mational interchange.

The exchange of the cis-trans (or trans-cis) and trans-trans

conformations is similar to the correlated conformational changes

seen by Pelfand 2 3 - 6  1n computer, simulations of polyethylene

chains. In the glassy solid the exchange of the conformations is

likely to be more nearly correlated relative to dilute solution

reflecting stronger intermolecular interactions. This would

lead to barrier heights from one to two times the CO bond rota-

tion energy depending on the degree of correlation; though in the

computer simulations of polyethylene, the barrier heights were

found to be near one bond rotation energy. This CO bond is

21,27,28
found to have a low barrier, about 10 kJ, according to

~21,28
several theoretical !alculations . The whole potential

surface for polycarbonates for bond rotation consists of

27
similarly low barriers so compensating small distortions could

aid the proposed conformational change; and, in addition, the

high degree of motion in polycarbonate glass provides a more

liquid like environment for a conformational change relative to

most glassy polymers.



picture or model is qualitative thoupn quantitatively consistent

with geometric data from NNR line shape studies and leads to a

mechanism for both a sizeable dielectric and mechanical loss.

Si

MODEL

The model is relatively simple and is displayed in figure

3. The polycarbonate chain in the glass is composed of largely

trans-trans units with respect to the carbonate group with an

occasional cls-trans or trans-cis unit. The fundamental motion

ai
is the exchange of a cis-trans (or trans-cis) conformation of the

carbonate with a trans-trans conformation of a neighboring car-

bonate. This exchange is produced by rotation about one of the

CO bonds in each of two carbonate groups. As rotation about the

CO carbonate group occurs the phenylene group attached to the

other side of the same carbonate group flips about its C C axis.
114

The C C axis and the CO carbonate bond direction on the other
114

side of the carbonate group are nearly though not exactly

parallel. Intermoleculnr coupling in the bulk polymer as well

as intramolecular coupling could link the --flips to the confor-

0
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shape changed little with temperature and the spatial orientation

of the principal axes of the shielding tensor are not well-known

for this group. The large dielectric loss can only be associated

with motion of the carbonate group so it is quite unusual that

the anisotropy study does not rflect the motion.

Both deuterium and carbon-13 dipolar line shape data are

18,19
also available for the methyl groups The spectra indicate

methyl group rotation and possibly some small amount of backbone

oscillation but no other major reorientation.

Relaxation maps have been prepared showing that proton spin

relaxation, NMR line shape collapse, dielectric loss and dynamic

mechanical loss are all at least phenonenologically related in

time 2 1 2 2
. ince the only clearly defined motion is 1 flips,

legitimate questionf, hav t ,evn id : Ito how exchange of a

symmetric gr'oup butwe,.-n two, W ttu Ivarlt m]inima co produce a

large mechan(:al los.. Alio motion of tie !benylene group will

not account for dielectric relaxation.

It i s the purpose of thi.- report t.(, propose a model which

can dr: viriour relaxation ;tudlen t-o i ,:ormon picture. The
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persistence of a dipolar splitting between adjacent phenylene

protons up to the glass transition. This implied that the vir-

tual bond corresponding to the phenylene group could not be re-

orientating in space. It did allow for either translation of the

phenylene group or reorientation of thc phenylene group about the

C 4 axis. This conclusion was later confirmed for the polycar-

bonate in figure 1 through observations on a partially deuterated

form.

Subsequent attention centered on the phenylene group and

three solid state IRIR experiments were performed to further

determine the geometry of motion. The first report came from

deuterium NMR which concluded that the phenylene group was

undergoing ,-flips. Because the deuterium quadrupolar interaction

is axially syrinetric, some room for doubt remained. However, a

carbon-13 carbon shift anisot ,opy study confirmed the r flip

conclusion while eliminating other possibilities 17; and a carbon-

19
13 rotational dipolar study also came to the T, flip conclusion

A carbon-13 chemical s ft anisotropy line shape study has

S2n
also been made on the carbonate carbon . However, the line
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The local chain dynamics of glassy polycarbonate has in-

trigued many investigators over the past twenty-five

years. Traditional experiments probing dielectric relaxation I 8

6-13
and dynamic mechanical relaxation below the glass transition

indicated large scale motion with very broad loss peaks at low

temperatures (the gamma relaxation). These experiments were not

suitable for defining the specific geometry of the motions in

polycarbonate (figure 1) though certain implications from studies

of a variety of structural analogs 7,I13 did provide useful

information in developing proposals for motions. Wide-line MR

studies 14 ,15 also observe relaxation effects below the glass

transition; but the lack of structural specificity produced only

general conclusions comparable to the dielectric and dynamic

mechanical work.

Recently, more sophisticated solid state NMR line shape

studies have provided some very detailed geometric information.

The first definitive line shape result 16 was obtained on a struc-

tural analog of BPA polycarbonate which contained only phenylene

protons (figure 2). -he proton spectrum showed the undiminished



CONCLUSTON

Polycarbonat, i -i -pecial system with generally low confor-

matIonal barriern to rst-!" ion. The gc7ometry of the carbonate

U
unit all.ows for' a procc'ss:; ir which the large component of the

repeat unit, 7PP, it, not ipprecin v,y reoriented while the sma II

carbonate unit. I f .or! ented. Thi, is a pai tial segmental

reorientation short o' tlht isotropjic segnental notion associated

with glass transition. Tbe nodul proposed here Is quantitatively

consistent with the geometric r, quirements of the NMIR data. It

is qualitatively consistent with the presence of significant

dielectric and dynamji mechanical loss. It is also qualitatively0

consistent with broad loss peaks or relaxation minima since it is

associated with a relatively complex motion: diffusion of a

conformation along t]' chair ' ckbone in o, glassy solid. It

couples the flips to this Vo. o.nrpl,,>i rfin sational change

411

in agreement with relaxation maps though the flips are not

the key motion contriluting to the r, chanicaI and dielectric

properties. The modc,] invol yvo a process which could lead to

long range di snipation of .,train tlho, sgh it starts with a specific

°0.•- , •. -
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local chain motion.

The data in hand do not aI:'~ute~y lead to the motional

model proposed here t!Lou-h ;t ey ar consistent with it. The

leading alternative %,,tuonrou lodel would tr oscIllation of the

BPA unit and the carbonate unit. Certainly such oscillation

exists. The phenylene group data displays this motion in addi-

tion to flips and Henrichs 20  favors oscillation as the best

explanation of the carbonate CSA data. However, it is hard for

this author to see how an oscillation of the order of +200 at

room temperature can lead to the ]arse mechanical and dielectric

losses observed in BPA polycarbonate. A jump between two dif-

ferent states with unequal populations separated by a barrier

seems a more plausibile mechanism for, large losses.

The role of intermolecular couplings versus intramolecular

coupling in the proposed motion is not entirely clear. Certain

motions can be argued to he unlikely based on Intermolecular

interactions. For irstarc, rotation of the two rings and

bridgehead as a uni, bout, the oxygen-oxygen axis is unlikely

because it would sweep out a large vol ume thus involving sig-



n ilcant r rn Cr ru] i nterat jon - in the bulk. The motion

proposed here reorInts only the una11 carbonate group as opposed

to the whole PPA init. The phenylene group , motton of - flips

involves no nt. r(-orientAlion and requires a much ,;maller fluc-

tuation in the surroundings. The BPA unit is translated as a

whole in the proposed motion which corresponds to a very specific

motion which may lead to experimentally testable
40

consequences. The separation of the relative role of in-

tramolecular and intermolecular interactions in the coupling

of Tr flips to the cis-trans (or trans-cis) to trans-trans inter-

change is unresolved. The 7 flips are proposed to be coupled by

both factors but the relative importance is not easily

assessed. In any case, it Is hoped that the act of proposing

this model will lead to new quantitative tests which can dis-

criminate more decisively among possible models.
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Figure 1: The Chloral Polycarbonate Repeat Unit:

An Analogue of BPA Polycarhonate.

Figure 2: The BPA Polycarbonate Repeat Unit.

Figure 3: BPA Polycarbonate Chains.

The : v'bonate CO bonds with asterisks

indicate points of bond rotation. The

phenylene rings undergoing flips in asso-

ciation with the CO bond rotations are

numbered. The correlated conformational

change from the top chain to the lower

chain involves two neighboring carbonate

groups and is produced by the CO rotations

which interchange the trans-trans and

trans-cis conformations. Note that the

choice of a trans-cis unit in the figure

Is arbitrary. If a cis-trans unit were

used the other phenylene rings would be

flipped so over i period of time all rings
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could be flipped as the cis-trans and

trans-cis conformations diffuse along

the chain. Conventional bond angles of

1090 are used for all backbone bonds

except the carbonate bond which are set at

120 ° . These choices lead to an 110

change in the C1C4 axis of the phenylene

groups in the BPA unit between the carbonate

units undergoing conformational change. If

3
the bond angle suggested by Flory and Williams33

are employed, the C C reorientation of the
1 4

0
phenylene group is less than 11

Figure 4: A Substituted Polycarbonate Repeat Unit. 5
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l( d)= d4W(,)( o, a) ( 13)

where P(4) = (1/47) and da= sinodudy. (A computer progr;,m which generates

CSA line shapes on the b-sis of this model can be found i; the Ph.D. thesis of

Wemmer. 25)

in this approach, only a single correlation time is used to describe the

flipping process. Starting with the OC line shape, we must decreas& the rate

of the 1T flip process with decreasing temperature as the line shape is chang-

ing in this region from being axially symmetric in shape to asymmetric. For

most of this temperature region, the amplitude of the restricted rotation does

not significantly alter the line shape and thus only the rate of the TT flips
S

controls the resultant line shape. However, the amplitude of the restricted

rotation is estimated by extrapolation from the high temperature region. The

IT flip rate as a function ef temperature is determined by comparing the the-

oretical and experimental spectra. A summary of line shapc comparisons is

contained in Figure 3 and the simulations are good with tn possible exception

of O°C. At this temperature both the Ir flips and the restricted oscillation

make comparable contributions to the line narrowing. Wheli two motional pro-

cesses induce roughly equivalent narrowing, difficulties iN line shape simula-

tion are encountered since neither can be assumed to be fast or dominant with

respect to the other. 2 5

The results of these simulations are summarized as follows. An Arrhenlus

analysis of the single correlation times yields an apparent activation energy

of 11±5kJ/mol for the flip process, as shown in Figt rc 4. Th num.b r should

he treated with caution as it is determined from a sampling of only a few data

points over a very small frequency rarge. Figure 5 is a Flot of the root mean

jS



arbitrary rate. We mitke use of the exchanige modeL f or it CSA line shape as

described by Mehrtng 2 2 and Wemmr. 2 5

The line shape equation for a uultistite exchange where e~ach site can

exchange with any other s ite Is i venl hy

whe re (1

L )[( -wj) I (/T )j)+NKV

T~j spin-spin relaxation time

K T- exehooi~ge or flipping rate

N = number oif si tes

f frequlen cy of st te j

+(01Iu2) 2) [so+o3-in sosP2cos (2(cosU+-x))+sin/4sinUsicos 2( P+y)

+s i O s s i-3cs u+)co s (,pos 2 cos ( Cos+y ) co ~ 2u

+ P2 ( Cos f) ) s11n '-cos ( 2 a)

and P 2 is the Legendre Polynomial. The [eUler angles of the flipping axis with

respect to the principal axis system of the tensor are (,, y and the Euler

angles of the magnetic field with respect to the moleculair frame containing

the flipping axis as the z-axis aire (3, ~.).

in NMR, the real part of ),(,j) is termed the line Thapa I(wu).

[(,j) = Rc g( j) (12)

This equaition has been developed I or a pirtitcilar orient it ion of the molecular

f rame with respect to the nigiettc fiteld. For an isotr4LCit powder sample, onie

has to average over all orienitations
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place about the CIC 4 axis L" the form of jumps between two minima separated by

1800 (n flips) in combination with a restricted rotation over 130' around each

minimum. It should be noted here that there was a small ppm referencing prob-

lem in the earlier CSA study that was corrected here when interpreting the

temperature dependence of the other CSA line shapes. The hasic conclusions

are the same although in the final modeling the restricted rotation occurs

over a greater range, 1360, than previously reported for +120'C. The oscilla-

tion is modeled as a restricted diffusion over an angular range using the

square well potential.

Employing the interpretation of the geometry of the phenylene motion at

+120 0 C as a starting point, vie can simulate the temperature dependence of the

changing CSA line shapes. From +120 to +20 0C, the 7 flips are in the limit of

rapid motion as the line shapes can he described by a tensor and thus this

molecular motion can still he modeled rather easily through the use of Euler

transformation matrices and the appropriate angular weighting functions. IN

this temperature region, the line shapes are all of the same general shape as

observed at +120 *C, although the ull and 033 components of the averaged tensor

move to make the spectra slightly broader as temperature d2creases. One can

simulate this line shape behavior, first, by assuming the 4 flips are occuring

at a rapid rate and, second, by simply decreasing the amplitude of the re-

stricted rotation with temperature.

If the molecular motion occurs at a frequency comparnble to the spectral

width the line shape may no longer be dscribed by the ahove approach. For

the npectra from 0 to -o°, no can no longer Assume that the T flips are

occurring at a rapid rate and1 thIs one mist use a model which allows for an
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The method of averaging depends on the potential function chosen to

describe how the molecule is allowed to spend time between the end points of

its oscillations. For exumple, if one t ,utines a square wt[ potential then

one rmciy calculate each to isor !Lon't y as follows

+ ! / !

'
= J-/2 ("' xyz(t ,.J) R(~'r- d - '/2 du' (9)

The resultant m itrix <;xyz>,,' nay then he diagonalized to obtain three

new average values, oil, 22 :nd u3 which correspond Lo Jhe averaged tensor.

The characteristic line shape nmiy then he caloulated with the equation 2 3

+~0

I(u;ul, °22, 133, a) = , I ( - t ; 011, 022, cJ 3)f(C; Aa)dF.

For 'J3 3 < ( < 022

I0(o;o11,o 22,o33) = ,r-lK(x)( ll-)-0.5(a22-03?)-0.5

x u(OII - u22)(o - 033)/[(u22 - 033)(ll - 0)]

For (J22 < u_< Oil (10)

10(" ;O11,22,"33) = T-K(x)( -G33 ) - 0 . 5 ( u 1 1- 0 2 2 ) - 0 .5

x = (Oll - 0)(22 - (33)/f( - 033)(Oll - (22)]

For u < Oil, and a > 033

rO( o;11,0 2 2,u 3 3)=0

And
-2 s -

K(x) = o (IX sin,) dY

f = (:.g~o = I/(0 + (2 .Iao)2)

where f describes the Lorentzian line broadening of the chemical shift disper-

sion, I0 and the carbon chemical shifts increase toward lower fields. In the

earlier communication, we reported on comparisons of various line shapes gen-

erated on this basis with the high temperature line shape. It was found that

the most probable motional model suggested that the phenylene motion takes
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An appropriate orientation of the molecular motion axis frame places the

x-axis parallel to the CIC 4 axis of the phenylene group so

cos& -sin 0

R( )= sinl cos6S 0 (4)

0 0 1

with S=60* for the labelled carbon of interest. The shielding tensor in the

molecular motion axis system axy z is then given by

LKyz =R _"2"123 "(o)

one can now model the effect ol the shielding of different motions of the

phenylene group about the CIC4 axis. For instance, rotating the molecule
*4

about the x-axis by angle a' is defined by

.Xyz((A' ) =R( A' ) • :x y, R x

where (6)

l 0 0

R(')= 0 cos (' -sin V

0 sinA' CosCII

For rapid flipping of the phenylene group between two angular positions,

separated by an angle a', the motionally averaged shielding tensor, Oflip ,

is given by

.2flip=(I/2)(oxyz + Lxyz(.')) (7)

Another possible type of molecular reorientation that we may consider is

rapid phenylene group rotation about the x-axis through all angular positions

or through a limlted angular range. We can modeI this Lype of motion by

averaging over u3 in equation 6.

< .!Kv> =< R(a').xyz R(- a (8)
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-160C spectrum. At this temperature we can assume that the molecular re-

orientation occurs at a rapid rate, where rapid means thte correlation time is

much shorter than the inverse of the spectral width involved. Thus we can

calculate line shapes very simply by replacing the rigid i.hielding tensor with

a tensor averaged over the geometry of the motion through the use of FLIler

transformation matrices and the appropriate angular weighting functions as

outlined by Slotfeldt-Ellingsen and Reslng 2 4 and Wemmer et al. 2 5 ,26

In this calculation one begins with the shielding tensor, 0123, in the

principal axis system

oy o o

.2123 = 0 022 0 (1)

0 0 033

To consider the effects of molecular motion the s.hielding tensor is trans-

formed to the axis system of molecular motion by use of an Euler transforma-

tion matrix R. The orientation of the new frame with respect to a previous

one is defined by a set of Euler ;angles, 2 = x, o, I. it a positive rotation

is to be applied to a frame (x,y,z) about the Euler angles (a, i3, y), then

E( ,)=jz,, ( y )_Ry, ( )z( ) (2)

where a is a rotation about the original z axis, $ is about the new y axis,

and y is about the final z axis. The producL of the three rotation matrices

leads to

Cos acos Ocos y sin ,.cos cos I -sin ocos Y

-silAsiln +COSuSiil Y I

R (u.Y) = -cosucos,siny -sin jcos- 1nY si n s f n (3)

-Sill Ucos +COS COS

cos usin s ill silh COS 0
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benzene, 2 2 is oriented with the oil axis parallel to the C-I bond and the U33

axis perpendicular to the ring plane. The 022 axis is in the ring plane,

perpendicular to the C-H bond. In the previous comnmntcat "on, 1 4 the principal

values of the shielding tensor were calculated by matching, theoretical spectra

generated on the basis of the Bloembergen-Rowland equations 2 3 with the ex-

perimental spectra at -160 0 C. A reasonably good fit hetw :tun calculated and

observed spectra is found by using o1 1 =17±1, u22=52:1, an! )33=175±1 ppm on

the CS2 scale and a Lorentzian line broadening of 320 Hz. In simulating Oil,

u22, and 0 33 , we assume that the frequency of all molecu!ar reorlentations is

small compared to (0li-o33) at -160*C. This Is a good a!; umption as even at

-140*C and -120 0 C the spectra can be simulated with these values; and thus we

have met the "rigid lattice" condition. These principal .'-ues correspond to

an isotropic chemical shift of 70-3 ppm, which compares w ii with the observed

chemical shift in solution of 72.5 ppm.

With the onset of motion, the chemical shift tensor i:-ll be averaged

depending on the character of the geometry and rate of reo.-ientation. If the

nucleus under examination was undergoing fast, random reotlentation then the

chemical shift tensor would be reduced to just its isotropic value, as is

evident for a rapidly tumbling molecule in solution. For a restricted re-

orientation or a slowly reorienting molecule, only a part of the chemical

shift dispersion will be averaged out and the spectrum will change accord-

ingly. Having defined the principal values of the shield'ag tensor and

possessing knowledge of their orientation in the molecular frame, possible

motions for the phenylene group were modeled in an attempt to simulate the

4 highest temperature spectra at +120'C. The line shape aL this temperature is

narrower and closer to an axially symmetric line shape whet; compared to the
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All NMR measurements were made with a Bruker SXP 20-100 spectrometer.

Temperature control was maintained to within ±2K with a Bruker B-ST 100/700

temperature controller. j
RESULTS

The temperature dependence of the changing CSA line shape is shown in

Figure 1.

For the proton spin-lattice relaxation data at 90 M::, the decay of the

magnetization at all temperatures folLows a simple exponential dependence with

delay time, T. The spin-lattice relaxation time, TI, is easily calculated

4 from a linear least squares analysis of ln(A - A ) vs. T, where the A's are
CO

signal amplitudes and r is the delay time. The uncertainty in a given T1

value is ± 10%.

The proton Tlp data is characterized from a linear least squares analysis

of In A vs. T, where A is still the signal amplitude but T is now the length

of the locking pulse. The deviations from simple exponential decay are small

and not indicative of a dispersion of relaxation times so a fit of the whole

curve to a single exponential decay is employed. Similar behavior was pre-

viously reported for the proton Ti, decay curves of the chloral polycarbonate.

The error in a given TI, value is "157 and both T1 and Ti) data are summarized

as a function of temperature in Figure 2.

* ~ENTERPRETAT1ON

CSA Tensor Line Shapes

The carbon-13 labelled polycarbonate allows one to study the chemical

a shift anisotropy line shape of this phenylene carbon. The principal axis

system for the chemical shift tensor of aromatic carbons, as reported for

I . .. .. . .-. .. . . .•. ... .L . . . .. . . . . . . . .- . i i .•.. .



6q

4

EXPERIMENTAL

The polycarbonate of blsphenol-A, single site carbon-13 enriched (>90%)

on one of the two phenylene carbons ortho to tile carbonate was synthesized

from enriched phenol (2-carbon-13) obtained from KOR Isot'pes, Inc. The

methyl deuterated aualogue of tile blsphenol-A polycarbonai was obtained from

standard synthetic techniques. 2 1 The methyl groups were found to be 97%

deuterated as determined from proton and deuterium spectra of the dissolved

polymer.

The carbon CSA spectra were obtained for a dried powdered sample using

cross polarization followed by high power proton decoupling at a carbon fre-

quency of 22.636 MHz and a proton frequency of 89.995 MHz. Rotating fields

of about 1.0 mT for protons and 4.0 mT for carbon were v';ed with a contact

time of 3 ms. Several hundred free induction decays werL averaged at each

temperature before Fourier tr:insformatlon to give the al,soripton spectra.

Line shapes recorded without cross polarization were found to be experi-

mentally indistinguishable. To obtain a standard refereice for the line

shapes at each temperature, the first moment was numericai ly calculated for

each spectrum and assigned the value of 72.5 ppm on the CS) :;cale, which is

the isotropic shift found for this phenylene carbon in solution.

Proton spin-lattice relaxation times for a dried powdecred samples of

BPA-d6 were measured at the Larmor frequency of 90 MJ[z. The 7r/2 pulse width

was 2 ps; and a standard T-r-n/2 pulse sequence was used with a cycle time

greater than 5 times T1 . Proton spin-lattice relaxation ti es in the rotating

frame were measured at i radio freqmency field streiigth ol 1.0 mT using a

standard ir/2-phase shifted locking pulse sequence.
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30-40* about the same axis. In this report, the previou,; CSA line shape

analysis for a sample of carbon-13 labelled BPA, where 9co ot vie of the two

phenylene carbons ortho to the carbunat, are isotopicak I,' e:riched, is

extended over the temperature range of -16b) 0 % to +I12 0 C in an attempt to

characterize the rate and amplitude of the phunylene group motion as a

function of temperature.

On its own, s.ch a study suffers from the limited t requency dependence

of the changing chemical shift anisotropy dispersion. To circumvent this

problem, proton spin-lattl e relaxation times, T1 's, at the L rmor frequency

of 90 MHz and spin-latLice relaxation times in the rotatfn g frame, TI 's, are

measured for a methyl deuterated analogue of BPA (BPA-dh) so that a more

thorough analysis of the time scales and energetics of the phenylene motion

may be obtained. These latter studies parallel an earlier proton analysis of

the chloral polycarbonate 14 in which a quantitative interpretation of the

phenylene proton relaxation data was offered based on a homogeneous correla-

tion function l6 for motional modulation of the dipole-dipole interaction. The

greatest interpretational success was obtained by using a fractional exponen-

tial correlation function which has been developed on the basis of correlated

state excitations in condensed matter by Ngai 17-19 and empirically by Williams

and Watts. 2 0 As with the chloral polycarhonate, if the NMIR relaxation data

for BPA-d6 can be successfully qua" tifed with the correlation function, then

the temperature dependent spectral densities obtained from the spin relaxation

studies can he used to predict the temprratire and t reluency of the d -namic

mechanical responsc.

" .
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INTRODUCTION

C Over the past few decades there has been considerable Interest in using

NMR to define and quantify the notional processes which oc ,ur in bulk polymers

below the glass transition temperature, Tg. 1,2 At tvrnpcrat',res greater than

Tg, a polymer chain may utndertake a wide variety of motions; however below Tg

many of these become modified, in particular the lonTg-rag: -otions. Polymers

frequently reveal secondary transitions which are thought L arise from spe-

cific types of local motion still preseat in the glass.

one group of polymers in particular, the polycarbonacL of hisphenol-A

(BPA) and its structurally related analogues, has received much attention.

This intense interest is fueled by the fact that BPA exhiL ts good impact

resistance over a temperature range more than 250'C below" the glass transition

temperature (Tg ~ 145°C).3  Dynamic mechanical and dielec.rlc spectroscopy

studies at I Hz reveal that BPA has an especially promincnt secondary transi-

tion peak at approximately -lOOC.4 - 7  It can be noted that nearly all glassy

polymers which exhibit high impact strength have prominent'- 'secondary transi-

tions, thus arguing for some relationship between the bull- mechanical proper-

ties and the extensive, rapid motion in the glass. 8

Recently there has been significant structural and dy-.amical information

developed on the polycarbonates from NMR.912 Ln particulr, the geometry of

the phenylene group reorientation in BPA in the limit of rapid motion in the

* bulk below Tg has been characterized through the use of dcnaLerium, 13 chemical

shift anisotropy (CSA), 14 and dipolar rotational spin-ech,. carbon-13 line

shapes.1 5 The basic conclusion reached by all is that thc principal motion

0 of the phenylene groups may be characterized as TT flips Pbout the CIC 4 axis

in combination with a small restricted angular oscillati.m. of approximately

- ,n ,Smu~m n m...-;l ~ ~ lam mmmm ni ~n ~ un r -' '. .. "", .
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ABSTRACT

Carbon-13 chemical shift anisotropy (CSA) line shapes and proton relaxa-

tion data are used to establish the time scale and amplitudes of phenylene

group motions in glassy polvcar o!i it,2 Is i nrtlioll oL t,2;iperture. The

phenylene group undergoes both , f Lips and restri cted rotation . The rate of ;I

flips and the amplitude of rest ricted rot-jtioni are determined from simulating

the carbon-13 CSA line shapes. Using a simple exponcntial correlation func-

tton, an activation energy of iL±5k1!mL is found for the ;- flip rate. The

root mean square angular amplitude varies linearly with temperature to the

one-half power. The i, flip rate is found to lie on the sam2 line on a relaxa-
6

tion map as the proton rela':atlon mliima, dielectric loan r.xima and dynamic

mechanical loss maxima. Analysis of the relaxation map gl't-s an apparent

activation energy of 48-t5kJ/mal. The discrepancy between the two activation

energies arises from the limited frequency range and simple correlation func-

tion employed in the CSA analysis. A Williams-Watts-Ngai fractional exponen-

tial correlation function with Arrhenius parameters set from the relaxation

map can account for the breadth and position of the proton relaxation minima

and the dynamic mechanical loss peak.
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square displacement versus the square root of temperature which provides a

summartzation of the temper: ture depenldence of the osc![!, tt n.

Relaxation Data

The limited frequency rang e of the -han',irng CSA disporsion doeq not war-

rant a more complex Interpretation of the time dependence -' the phenylene

group motion by itself. As montioned in the Introduction, nroton spin-lattice

relaxation measurements carried out in boLh the Zeeman fra'ne and the rotating

frame will be used to characterize the rate dependence of the phenylene motion

in a similar manner as was done for the chloral polycar!,h'nate. 11 Both T1 and

Tip can be quantitatively simulated as a function of temprrature with a given

correlation function and the associ ited spectral deonsity. The standard T I and

Tlp expressions are used"'

I/T I = (2/3)v 2 S[Jl(wH) + 4J 2 (2wH)]

(14)

I/Tip = (2/3)y 2 S[1.5Je(2w,) + 2.5JI(wH) +J2(2wi)]

where ( e - YH1irf and S is the motionnilly modulated componer-t of the second

moment. The applicability of these equations and this approach has been pre-

sented for chloral polycarbonate and the current situation in quite similar.

Given the previous success of the Fractional exponenial correlation

function in modeling the relaxation hehavior of the chlouv:9 polycarbonate, it

is again chosen to simulate the BPA-d 6 data. The correlation function can be

expressed tn the Ngat formalism
1 7 - 19 as

1-n
(t) = (O)exp[-(t/rp) 1 (15)

where O<n<1 and

1 .(1--n)• * = [(]-.n)exp(nY)E(-) r0J ( l6)

0 -
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14

where T. = eXP(EA/RT), the microscopic correlation time, Ec the bath cutoff

energy and y - 1.577 Euler's constant. The parameters To a:'d EA fix the

microscopic dynamics and erergetics of the fundamental process in the absence

of correlated state coupling. The parameters n and 1c determine the width of

the frequency dispersion and the renorinalized time scale due to medium

effects. For n A 0, T = r*exp(E*/RT) where E* is the app;irent activation
P A A

energy, given by E* = E /(1-n) and the apparent preexpoieitLal is given by
A A

1* = [(1-n)exp(ny)E n r](1-n

C C

The actual parameters varied to [it experhtnental diiti are E T and n.A

* In order to get a handle on the values of E* and [* for the BPA-d 6 relaxation
A 00

data, a relaxation map, log vc vs. T- 1, wa; constructed. [he temperature

positions of Tj and Tl,, minima each can be assigned an appropriate correlation

frequency as outlined by McCall. 1 Che can also associate a correlation fre-

quency with the CSA line shape collapse. The average fre tiency difference

between the two sites corresponding to the two positions of the phenylene

group is Ov = 700 Hz where the average is over all orIentations. The cor-

relation frequency in Hertz that corresponds to the collapsc of this can be

estimated 2 7 from vc = 6v and the associated temperature can be obtained

24-
from the plot of 7T flip rate versus inverse temperature in Figure 4. Further-

more, one can also justify adding frequency points corresponding to the tem-

peratures of the maxima in dynamic mechanical 4 and dielectric relaxation 2 6 - 2 8

data as found in the literature. First, the previous work with the chloral

polycarbonate indicated a good correlation between the dyia.i.ic mechanical

loss peak at low temperatture and the phenylene proton NVR data. Second, it
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has long been argued that an apparent coupling or cooperaL!I-ty exists between

phenylene group motion and motion involving the carbonate ;s evidenced by both

dilute solution ] 4 and solid state experlments. 5- 7 A plot of the log vc vs.

T-1 containing the various experimental results is presented in Figure 6. A

linear least squares analysis of this data allows for a determination of E*

A

= 48 kJ/tool from the slope and I* = 1.06 x 10- 16 s from the intercept.

The fI, and Tj data can then be simulated by simply varying n and S,

given the E* and T* from the relaxation map. The best fit as shown in Fig.
A W

2 was obtained with n = .82 and S = 1.8 x 10-2 mT2 . Thesr values of the model

parameters are physically reasonable. The activation energy of the fundamen-

tal process, E , (obtained from the Ngai formalism in the absence of correlated
A

state coupling) which has been identified as 7 flips of the phenylene rings,

is 8.6 kJ/mol; and can be compared to the dilute solutioni value of 13 kJ/mol

for phenylene rotation obtained in ai earlier solution sudy. 3 1 The solution

activation energy should be slightly higher tha EA sincc even in a 10 wt%

solution the surroundings will affect the finda7en ta l prois ;. The magnitude

of n indicates that in the bulk glass the phenylene motion is strongly

affected by the medium. The apparent activation energy in the glass is

substantially higher, 48 kJ/mol. The value of S, the proton second moment,

used in equation 14 should correspond to the motLonally modulated component

of the second moment. This motionalLy modulated dipole-dipole interaction

corresponds to part of the intermolecular dipole-dipole corltrrbutions since

the predominant motion causing modilation Ls phenylene ring .aotion about the

CIC4 axis which does not reorient the largest intramolecular dipole-dipole

interaction. The second moment is not glve-i an explicit ._mperature depen-
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dence except through the spectral densLty as indicated by ?quatlon (14). A

Cdetailed proton line shape has not been carried out here but preliminary re-

sults indicate the second moment behavior parallels the eirlier chloral poly-

carbonate study. 10 The amount of motionally modulated seccnd moment employed

here is consistent with the experlmental value of 1.510.4 ): 10-2 mT2 observed

at the highest temperature of that study.

To further probe the success of this molecular modeling, the position and

shape of the dynamic mechanical loss peak located at about -. 100C at 1 Hz, the

gamma peak as measured by Yee,4 was anatyzed. The mneclianical loss Gy() I oss,

is given by the following equation

0()2

G loss < ,_____> J sin(wt)O'(t)dt (17)

k T 0

where 0'(t) is the derivative of the correlation function. One sees in Figure

7 that much of the shape and temperature dependence is well simulated without

further parameter adjustment of E*, r* , or n. The magnitude of the calcu-
A 0*

lated loss peak is controlled by <u,(o)> which is adjusted to match the data.

DISCUSSION

Carbon-13 chemical shift anisotropy line shape analysis serves to defin-

itively characterize the geometry of phenylene grouip motion as a combination

of T flips and restricted rotation. The T flip ratu, is (ound to lie on a re-

laxation map containing proton T I and TI, minima, dielectric loss maxima and

dynamic mechanical loss maxima. This combination of such a broad sampling of

frequency results in a more accurate time scale and activation energy analy-

sis. A single exponential correlation function, as was used in the simple two
0

site jump model for the temperature dependence of the CSA line shapes, is in-

0
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adequate for the simulation of the T , TI., and dynamic mechanical loss data.

It follows that the activation energy from a single correlation time analysis

may be in serious error.

This phenomenologicul link in time between the various relaxation experi-

ments can be quantitatively summarized in terms of a fractional exponential

correlation function. This function reasonably approximates the shape and

position of the T 1 and Tip minima versus temperatures as well as the tempera-

ture position and breadth of the dynamic mechanical loss peak. Such a connec-

tion between the relaxation experiments argue for a common underlying dynamic

process which produces NMR, dielectric and mechanical relaxation.

There are, however, some questions raised by this conclusion. Jumps of

the phenylene group between symmetric minima are unlikely to produce a large

mechanical loss 16 and certainly will not produce a dielectric loss. A recent

proposal 3 2 suggests that the common motion leading to the several relaxation

effects is a correlated interchange 3 3 of carbonate groujp conformations. A

cis-trans carbonate conformation is interchanged with a trans-trans carbonate

conformation by rotations about backbone CO bonds. This motion reorients

carbonate groups which could lead to dielectric and shear loss. The BPA unit

between the two carbonates interchanging conformations is translated but not

significantly reoriented. The T flips are tied to this correlated backbone

motion by intramolecular and intermolecular interactions which places the Tr

* flips on a relax'tion map in common with dielectric and dynamic mechanical

loss peaks. While this proposed motion cannot he completely verified; it is

however, consistent with the observed relaxation phenomena.

.-. . ---- - -: . . .. ...Si1 " . '



The fractional exponential used to summarize the relaxation phenomena is

cast in the Ngai form and yields realistic values for the apparent activated

energy E* and the microscopic activation energy EA. This aspect assumes the
A

fractional exponential correlation function is homogencou, though this is not

required to simulate the relaxation minima and loss maxiln;. Dilute solution

studies yield comparable values of EA for both phenylene group rotation and

correlated segmental motion which also appear to be linked in the dissolved

polymer.14 Comparably low values for rotational barriers in BPA polycarbonate

have been noted in theoretical calculations. 3 4- 3 5 Thehe generally low

barriers may be the key to the presence of such extensive dynamic freedom in

the glass as has been proposed by Tonelli 34 though only solid state NMR line

shape data has provided the basis to discriminate between various possible

motions. Since virtually all intramolecular rotational bL:riers are low in

polycarbonate and yet only certain reorientations are observed, intermolecular

interactions must determine the nature of the motion in the glass. It is

known that the BPA unit does not reorient except for 7r flips and restricted

oscillation and this can be attributed to the difficulty of rotating such a

large group in the glass. The proposed conformational interchange does not

reorient the BPA unit though the smaller carbonate unit is reoriented. Again

a conformational interchange is proposed so long range chain end rotation or

translation is not required. A carhon-13 CSA line shape study has also been

carried out on the carbonate unit. 3 6  Little line shape change is noted here

which is difficult to reconcile with the presence of a large dielectric loss

peak. However, the proposed conformational interchange invIves a polycarbon-

ate chain where most units are trans-trans and a smaller number of units are

.-0 . . .... .... .... ...' ,.. ' ... . ... .. .. .. ... .••-
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cis-trans. Thus the carbonate unit would predominantly reflect the trans-

trans CSA tensor and orientation. However, the conformational intcrchange

leads to diffusion of the cis-trans conformation so all units can undergo re-

orientation though the time scale is complex.The temperature dependence of the oscillation of the phenylene group

about the CIC 4 axis is also interesting. The rms amplitud is apparently

linear versus temperature to the one-half power which is to be expected for a

harmonic potential. However, the amplitude also ought to go to zero at a

temperature of absolute zero for a harmonic potential. The simulation does

not yield this result and the significance of the behavior shown in Figure 5

will be the subject of a subsequent paper.
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FIGURE CAPTIONS

Figure 1: Carbon-13 CSA line shapes at several temperatures.

Figure 2: Proton spin-lattice relaxation times and proto-i spin-lattice

relaxation times in the rotating frame versus iiverse temperature.

The solid line corresponds to a fit of the relaxation data with a

Williams-Watts-Ngai fractional exponential correlation function.

Figure 3: The lines are simulations of the carbon-13 CSA line shapes at

several temperatures while the points are line shape data taken

from Figure 1.

Figure 4: The logarithm of the flip rate versus inverse te-mperature. The

flip rate is determined from simulation of the carbon-13 CSA line

shape.

Figure 5: Root mean square amplitude of restricted phenylene group rotation

about the CC 4 axis versus temperature to the oe-half power. The

rms amplitude is determined from simulating the carbon-13 CSA line

shapes. The open circles are determined at temperatures where the

oscillation is the primary source of narrowing and x's are esti-

mates made at temperatures where the flips are the primary source

of narrowing.

Figure 6: Log frequency vers,,s inverse temperature or relax:ation map. The

highest frequency NMR point is the 90mitz proton T, minimum. The

next highest frequency NMR point is the 43kHz T' minimum. The low-

est frequency NMR point is the position of mat:inum collapse of the

carbon-13 chemical shift anisotropy line shape. The open circles

are maxima of dielectric loss curves taken at different frequen-
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cies. The positions of all points have an uncertainty of the order

of 10 degrees because of the breadth of the loss peaks and relaxa-

tion minima.

Figure 7: Dynamic mechanical spectrum. The dashed line is the simulation

employing the Williams-Watts-Ngai fractional exponential with the

parameters set from the relaxation map.



- -- r~ rr r f- 7

120

80

401

0

.40

.80

50 PP ----- -16



10.0

well*
1.0

0.1

).01 0

1 2 3 4567

(I/T)X 10



-1600C 0

-80 80

I r II I I I

-20 420



r AD-fli52 011 CHAIN DYNAMICS ANO STRUCTURE PROPERTY 
RELATION IN HIGH 2/2-7 IMPACT STRENGTH P0 -(U) COLLEGE OF THE HOLY CROSS

I FII fORCESTER MA P T INGLEFIELD ET AL. 94 JAN 85

UNCLASSIFIED ARO-i858i 7-CH-H DARG29-82-G-098i F/G 1i/9 NL

Emmon,



6

(

3 (1 2 2

11111 .1 .7 2.0

11.25 i .il ,1 II OlN 11 I

M FT (Af

a, ' .... . , , .



* In( (flip rate,Hz)

CA) -

4 ~~CA) II



r

20- 0

00
15-

a 0

10_ x

x

x
5

x

0

11 12 13 14 15 16 17 18 19 20

T12 (K'/2)

6 ,.. -. .



-A7

RELAXATION MAP

4 0

U- zou_ 0

CDU
.2' N NMR data

A Mechanical data

0 Dielectric data

1000/T (K ) 4

I"



60

-40-

20 %%

0 to

0I

0I

o 0

* 000

20 " 1 , 4 --

40

0 /
I%

0#

000/T -'

E/

0pI p p

3-4.56 7,
I 0/ (K')-

p 20-, - .



FILMED

5-85

DTIC
I


